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Abstract Sinkholes develop on carbonate land-
scapes when caves collapse and can subsequently
become lake-like environments if they are flooded
by local groundwater. Sediment cores retrieved from
sinkholes have yielded high-resolution reconstruc-
tions of past environmental change, hydroclimate,
and hurricane activity. However, our understand-
ing of the internal sedimentary processes of these
systems remains incomplete. Here, we use a multi-
proxy approach including sedimentology (stratig-
raphy, coarse-grained particle density, bulk organic
matter content), micropaleontology (ostracods), and
geochemistry (8'°C and 8*H on n-alkanoic acids) to
reconstruct evidence for paleolimnology and regional
hydroclimate from a continuous stratigraphic record
(Emerald Pond sinkhole) in the northern Bahamas
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that spans the middle to late Holocene. Basal peat at
8.9 m below modern sea level documents the maxi-
mum sea-level position at~8200 cal. yr BP. Subse-
quent upward vertical migration of the local aquifer
caused by regional sea-level rise promoted carbon-
ate-marl deposition from~8300 to 1700 cal. yr BP.
A shift in coarse particle deposition and ostracods at
5500 cal. yr BP suggests some environmental change,
which may be related to one or multiple internal or
external drivers. Sapropel deposition from~ 1700 to
1300 cal. yr BP indicates a fundamental change in
limnology to promote increased organic matter pres-
ervation, perhaps related to the regional cooling dur-
ing the Dark Ages Cold Period. We find 8*H,g val-
ues are largely invariant from 7700 to 6150 cal. yr
BP suggesting a generally stable hydroclimate (mean
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—133%0, 16 =5%0). The shift to more depleted val-
ues (—156%o, 16=19%0) at~6000-4800 cal. yr BP
may be linked to a weakened (eastern displaced)
North Atlantic Subtropical High. Nevertheless, addi-
tional local hydroclimate records are needed to bet-
ter disentangle uncertainties from either internal or
external influences on the resultant measurements.

Keywords Coastal sinkhole lakes - Holocene
hydroclimate - Leaf-wax geochemistry - Carbonate
sedimentology

Introduction

Across the Lucayan (Bahamian) archipelago (The
Bahamas and Turks and Caicos Islands), strati-
graphic successions that are temporally continuous
with a high sedimentation rate that span the middle
(~8200-4200 cal. yr BP) to late (4200 cal. yr BP to
present) Holocene are rare. Recoverable stratigraphy
is commonly less than 3 m in most inland ponds and
marine lagoons, and the temporal duration is typi-
cally limited to the late Holocene when sedimentation
was initiated by sea-level rise flooding depressions
on the antecedent carbonate surface (Dix et al. 1999;
Mackinnon and Jones 2001; Noble et al. 1995; Park
2012; Rasmussen et al. 1990; Teeter 1995). These
successions are also frequently bioturbated, which
limits their application to addressing paleoclimate
questions. While speleothems are a common tar-
get for developing paleoclimate records on carbon-
ate landscapes (Arienzo et al. 2017; Fensterer et al.
2013), not all low-lying carbonate islands have the
caves and speleothems necessary to assess climate
variability in the subtropical North Atlantic. Addi-
tional environmental records are required to fully
understand the more localized impacts of climate and
land-use change in the region (Steadman et al. 2014).

Alternatively, the stratigraphy, geochemistry and
environmental proxies preserved in sinkhole and
karst lakes can provide insight into regional hydro-
climate and landscape dynamics (Fall et al. 2021;
Gabriel et al. 2009; Gregory et al. 2017; Grimm et al.
1993; Kjellmark 1996; Peros et al. 2017; Tamalavage
et al. 2020; Wallace et al. 2019; Winkler et al. 2020).
Sinkholes develop after a cave collapses on the car-
bonate platform (Cole 1910; Mylroie et al. 1995a, b;
Park Boush et al. 2014), and they can provide space
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for the long-term accumulation of undisturbed sedi-
mentary records. This geomorphologic setting is a
dynamic environment that is controlled by both (a)
linkages between groundwater vertical elevation and
regional sea level, and (b) linkages between ground-
water hydrodynamics and local hydroclimate (Gabriel
et al. 2009; Gregory et al. 2017; Shinn et al. 1996;
van Hengstum et al. 2011, 2018, 2020a). Environ-
mental development in sinkholes during inundation
from a transgressive sea-level cycle can be briefly
summarized into the following stages: (1) wetland
colonization and peat deposition caused by sea-level
inundation, (2) development of palustrine-lacustrine
settings as vertical migration of the coastal aquifer
floods the basin with a freshwater meteoric lens, (3)
onset of meromictic conditions as vertical migra-
tion of the coastal aquifer continues, causing both an
upper meteoric lens and lower saline water mass to
be positioned within the sinkhole, and finally (4) a
proximal shoreline position and eventual inundation
by sea level which promotes fully marine conditions.
During stage two (above), sinkholes and lakes on car-
bonate landscapes can be flooded by well-oxygenated
groundwater that is typically carbonate-saturated,
promoting lacustrine marl accumulation, which in
turn provides a stratigraphic target to explore for evi-
dence of changing groundwater conditions related
to regional changes in water balance (evaporation-
precipitation; Holmes 1998; Peros et al. 2017; Street-
Perrott et al. 1993).

In January 2006, a near-continuous and high-res-
olution stratigraphic succession spanning the mid-
dle to late Holocene was recovered from a sinkhole
known as Emerald Pond on Abaco Island within the
Little Bahama Bank (Slayton 2010). The stratigra-
phy was primarily lacustrine marl, and the preserved
pollen-based evidence documented middle to late
Holocene terrestrial ecological changes. However,
the detailed stratigraphy in Emerald Pond also pre-
sents an opportunity to investigate long-term ground-
water hydrologic variability, potentially in response
to changing regional hydroclimate. Elsewhere in the
western tropical North Atlantic, the middle to late
Holocene is punctuated by multiple megadroughts
(Hodell et al. 1991a, 1995, 2001, 2005; Lane et al.
2014, 2009), yet records in the Bahamian Archipel-
ago are scarce. While annual rainfall in the Yucatan
region is strongly overprinted by seasonal migrations
of the Intertropical Convergence Zone (ITCZ; Haug
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et al. 2001), rainfall along the western tropical north
Atlantic margin has multiple confounding influences.
For example, western boundary displacements of the
North Atlantic Subtropical High (NASH) strongly
influence rainfall in boreal summer, and the El Nifio/
Southern Oscillation (ENSO) impacts boreal winter
rainfall (Gamble and Curtis 2008; Jury et al. 2007; Li
et al. 2012).

Here we provide a detailed examination of the
paleolimnology and environmental changes preserved
in Emerald Pond through (i) stratigraphic analysis
and radiocarbon dating of additional sediment cores,
(ii) benthic meiofaunal remains (e.g., ostracods and
testate amoebae) as a long-term hydrographic indica-
tor, and (iii) evidence for local hydroclimate change
using geochemical changes in terrestrial plant wax.

Study site

Abaco Island lies on the eastern margin of the Little
Bahama Bank (26.79°N, 77.42°W; Fig. 1), which is
the northernmost carbonate platform in the Baha-
mian (Lucayan) Archipelago (Carew and Mylroie
1997; Walker et al. 2008) once inhabited by the indig-
enous Lucayan people. Sinkholes and other karst
features are ubiquitous on the Bahamian landscape
(Mylroie 1995; Whitaker and Smart 1997). Tropical
hardwoods and palms covered the Abaco landscape
until ~700 years ago when pine trees (Pinus caribaea
var. bahamensis) first became dominant as humans
(Lucayans) transformed the landscape into a fire-
dominated system (Fall et al. 2021; Slayton 2010).
Emerald Pond is currently a shallow (<4 m),
groundwater-fed sinkhole that is located 1.8 km
inland from the eastern shore of Great Abaco. Emer-
ald Pond is~26 m in diameter with a~4 m limestone
cliff between the surrounding carbonate surface and
water table in the sinkhole (Fig. 1). In unconfined
carbonate aquifers, sinkholes essentially function as
uncased wells, and the vertical physicochemical con-
ditions of sinkhole water columns can reflect the local
aquifer’s hydrographic structure. If deep enough, ter-
restrial sinkholes can have a tripartite water-column
structure: an upper meteoric lens (fresh to slightly oli-
gohaline), a transitional mixing zone or pycnocline,
and basal saline groundwater (van Hengstum et al.
2016, 2018, 2020a). As defined and applied by others
(Beddows et al. 2007; Little et al. 2021), the mixing

zone is the layer separating isohaline and isothermal
values.

The groundwater level varies in response to the
tidal range which is ~1 m measured at Pelican Har-
bor Tide Gauge (Abaco Island, https://tidesandcu
rrents.noaa.gov/). This range is common in uncon-
fined coastal aquifers (Coutino et al. 2021; Little and
van Hengstum 2019; Martin et al. 2012). Presently,
no significant quantities of aquatic macrophytes like
Chara occur in the sinkhole, but algae covers the
sediment-water interface. There is little bathymetric
variability, yet water depth modestly increases around
the sinkhole perimeter. No significant cave passages
extend from the sinkhole into the phreatic zone, but
there is a small overhang (<2 m) on one side.

Since there is no long-term instrumental record
of rainfall on Abaco Island, the compilation of Jury
et al. (2007) provides a surrogate for regional hydro-
climate. Based on the Nassau rain gauge (~170 km
south of Emerald Pond) spanning from 1855 CE to
present, mean annual rainfall (MAR) in the Abaco
Island area is~ 1470 mm yr‘l, with~75% of annual
rainfall occurring during the wet season (May—Octo-
ber; Fig. 2a), and~25% occurring in the dry season
from November to April (~50 mm month™). The
closest station with measured rainfall isotopic data
is “Centro de Proteccion e Higiene de la Radiacién”
(IAEA/WMO 2019), Havana in Cuba (Fig. 2b).
Weighted mean annual 8°H is —11.8%¢ (wet season
mean 8°H — 15.2%o, dry season mean 8H —3.5%o0).
Local rainfall amount and isotopic composition is
highly sensitive to strength (central pressure) and geo-
graphic positioning (westward margin) of the NASH
(Li et al. 2011, 2012), especially during boreal sum-
mer. Regional-to-large scale climate dynamics asso-
ciated with local variability in 8?°H can be simulated
with the isotope-enabled Community Earth System
Model (iCESM; Tamalavage et al. 2020). During the
most H-enriched (*H-depleted) years, the NASH is
intensified (weakened) and expanded westward (dis-
placed to the northeast from Abaco), the Caribbean
Low Level Jet (CLLJ) is strengthened (weakened),
which causes suppressed (enhanced) convection and
rainfall over the Caribbean. This is similar to the fac-
tors that impact large scale hydroclimate dynamics
across the Mesoamerican-Caribbean region (Bhat-
tacharya and Coats 2020).
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Fig. 1 A Tropical North Atlantic with the Little Bahama Bank
outlined in orange, adapted from (Sullivan et al. 2021), B
Scaled in photo of the Little Bahama bank, with Emerald Pond
(26.54° N, =77.11W) sinkhole shown in white, plus other sink-
hole basins on Abaco with paleoenvironmental records includ-
ing: Blackwood sinkhole (brown), No Man’s Land (orange),

Methods
Fieldwork

The shallow water depth and small size of Emer-
ald Pond allowed the sediment-water interface to be
extensively observed by snorkelers prior to sediment
coring, and the shallow subsurface was explored with
probes. Hand-driven push cores easily penetrated
the sediment and a layer of pine needles was found,
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Great Cistern (yellow), Runway (green), Freshwater River
blue hole (blue), and Sawmill Sink (purple), C Aerial photo of
Emerald Pond (photo by Nancy Albury), D Landscape-level
photo of Emerald Pond (photo by Nancy Albury) with coring
locations marked

which created an obstacle for further push coring.
However, vibracores were collected in 2016 (EMLD
Cl1, C2, C4) using 7.6-cm diameter aluminum pipes
that were fitted with a polycarbonate-core catcher at
the pipe base (i.e., core nose) to enhance the likeli-
hood of recovering unlithified sediments. Addition-
ally, a push core was recovered in December 2018
(EMLD RP5) to sample the upper~1 m. Core RP5
was recovered with a 7.6-cm diameter polycarbonate
pipe without a core catcher, and suction was created
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Fig.2 A Monthly mean precipitation from “Centro de Pro-
teccién e Higiene de la Radiacion”, Havana, Cuba (dark blue)
and the Nassau, Bahamas (light blue) rain gauge (1855-2017),
adapted from (Sullivan et al. 2021), B Measured mean (line)
and individual values (dots) within the respective month,
showing range of SZHprecip from Centro de “Centro de Protec-
cién e Higiene de la Radiacién”

for sediment sampling with a rubber-test plug. This
offers the best opportunity to carefully collect the
uppermost stratigraphy near the sediment-water inter-
face. Immediately after coring, and while the pipe
was still positioned vertically in the water column,
floral foam was manually inserted into the core pipe
to stabilize the sediment-water interface during core
extraction and subsequent transport.

Depth-wise hydrographic profiles were collected
in multiple seasons spanning several years (June
2016, January 2017, January 2018, July 2018, and
July 2019) to better characterize water column vari-
ability. Temperature (+0.01 °C), salinity (+0.1 psu),
pH (£0.1 pH units), dissolved oxygen (£0.1 mg
L"), and depth (+0.004 m) were measured using a
YSI EXO1 multiparameter sonde, with a data-sam-
pling rate of 2 Hz. The sonde was routinely calibrated
before deployment, and the pH sensor was replaced
annually before fieldwork to promote accuracy in

field measurements. Salinity was calculated from
conductivity and temperature readings using instru-
ment calibrations for the YSI EXO1, using algorithms
found in Standard Methods for the Examination of
Water and Wastewater (American Public Health
Association 1989; in reference to the conductivity of
standard seawater at 15 °C).

Lithology and chronology

In the laboratory, all cores were split lengthwise, pho-
tographed, X-rayed, and stored at 4 °C until further
analysis. The coarse sediment content in the stratigra-
phy (> 63 um) was contiguously measured downcore
using the Sieve-First Loss-on-Ignition (Sieve-First
LOI) procedure (van Hengstum et al. 2016) at 1-cm
increments for EMLD C1, C2, C4 and RP5. Sam-
ples were first wet-sieved over a 63 pm mesh, dried
for 12 h in an oven at 80 °C and weighed to deter-
mine the sediment mass. The residual coarse fractions
were then combusted for 4 h at 550 °C in a muffle
furnace to remove sedimentary organic matter (OM),
with the choice of temperature selection based on
experiments by Heiri et al. (2001). Samples were
then re-weighed post-combustion to determine inor-
ganic mass. The variability in coarse sediment frac-
tion was then expressed as mass per unit volume (D >
63 um mg cm™>). A paired 1.25 cm® sub-sample, also
taken contiguously downcore at 1-cm intervals, was
used for LOI following standard methods (550 °C,
4.5 h) to determine bulk OM content, reported as
weight percent (%) of the original sediment mass
(Heiri et al. 2001). Analytical uncertainty on repli-
cate Sieve First and standard LOI measurements is
typically less than+ 1%. Coarse sedimentary particles
(>63 um in diameter) were qualitatively examined
wet in Petri dishes using stereomicroscopes. Six sam-
ples were selected within the homogeneous carbonate
marl to determine general mineralogy with X-ray dif-
fraction (XRD) analysis, measured on a Bruker-AXS
D8 Advanced Bragg-Brentano X-ray powder dif-
fractometer using standard protocols. Minerals were
determined in each sample by comparing diffracto-
grams with the 2005 International Center for Diffrac-
tion Data (ICDD) material identification database.
Terrestrial plant macrofossils (n=30) were radio-
carbon dated at the National Ocean Sciences Accel-
erator Mass Spectrometry facility at Woods Hole
Oceanographic Institution to generate downcore-age
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models and calculate sedimentation rates (Table 1).
The conventional radiocarbon age results were cali-
brated into calendar years before present (cal. yr BP)
with IntCal20 using 1950 CE as present (Reimer
et al. 2020). The final downcore Bayesian age model
for EMLD C1, C2, C4 and RP5 was computed with
Bacon (v2.5.1) in R Studio. This output provides
probability estimates at each designated level down-
core (Blaauw and Christen 2011), and we calculated
age outputs for every contiguous cm downcore.

Microfossil analyses

Lacustrine marl sediments from EMLD C1, C2, and
C4 were subjected to detailed microfossil analy-
sis for benthic meiofauna (small benthic inverte-
brates). Ostracods were the dominant meiofaunal
remains preserved in the sediments, with no benthic
foraminifera observed aside from a few occurrences
(<5 individuals total). A separate 0.63 cm? sediment
subsample was obtained from the cores at~50-year
intervals, based on calculated Bacon-age models,
and wet-sieved over a 125 um mesh to concentrate
ostracod valves. Given the low taxonomic diversity, a
census of 120 valves per sample was sought at each
stratigraphic level. In some instances, additional
sediment was subsampled to meet minimum census
goals. However, it was less common for samples to
have excessive valve numbers that required sub-split-
ting into aliquots. All taxonomic identifications were
completed to species level and by the same researcher
to limit individual bias on the results, and taxonomy
was verified with a Hitachi TM3000 scanning elec-
tron microscope and appropriate literature (Furtos
1936; Keyser 1975, 1977; Keyser and Schoning 2000;
Krutak 1971; Pérez et al. 2010b; Swain 1955; Tee-
ter 1980, 1995; Van Morkhoven 1963). In total, 258
samples comprised the final microfossil database for
all cores, containing six different ostracod species.
The downcore ostracod-census taxa were ultimately
divided into timewise assemblages based on the
change in dominant taxa. Only six taxonomic cat-
egories were observed in the ostracods, and through
many stratigraphic levels, only one or two taxa repre-
sented > 80% of the sample. Given the strong domi-
nance of few taxonomic categories, the final ostra-
cod assemblages were qualitatively defined based on
changes in the dominant taxa.
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The total count of charophyte gyrogonites and tes-
tate amoebae were evaluated as additional paleoen-
vironmental indicators. Charophyte ‘stoneworts’
are benthic green macroalgae that are common in
hard-water lakes, and their gyrogonites are well-pre-
served in the stratigraphy of carbonate lakes in both
the modern and fossil record (Soulié-Marsche 2008;
Soulié-Mirsche and Garcia 2015). The dried sedi-
ment subsamples from all cores were analyzed for
charophyte gyrogonites in the sieved> 125 um size
fraction simultaneously with the ostracods and tal-
lied as individuals per cm’. In addition, the total con-
centration of testate amoeba (individuals >45 pum in
size per cm®) were enumerated. Most testate amoebae
are benthic single-celled organisms that are known to
prefer well-oxygenated bottom conditions with salini-
ties typically <3.5 psu (Escobar et al. 2008; Roe and
Patterson 2006; van Hengstum et al. 2008).

n-Alkanoic acid abundance and isotopic analyses

Sediment samples (~1 g) were collected for bio-
marker analysis every 10 cm downcore from EMLD
C4, with additional samples added to increase reso-
Iution (n=110). Within RP5, samples were taken
at consistent~5-cm intervals (n=12). Samples
were freeze-dried and homogenized with a mortar
and pestle. Methods for lipid extraction, purifica-
tion, methylation, and quantification were identical
to those reported for a nearby sinkhole (Tamalavage
et al. 2020). Briefly, n-alkanoic acids (prepared as
fatty acid methyl esters, FAMEs) were identified by
gas chromatography mass spectrometry (GC-MS).
FAMEs were quantified for all 110 samples by flame
ionization detection (FID) relative to an in-house
standard comprising a mixture of 3 n-alkanoic acid
methyl esters of known concentration.
Compound-specific hydrogen isotopic (8*H) and
carbon isotopic (8'C) compositions were deter-
mined by gas chromatography isotope ratio mass
spectrometry (GC-IRMS) for n=29 and n=12 sam-
ples, respectively (as repeat isotopic analyses are
destructive, not all samples had sufficient residual to
be measured for both). We used a Thermo Scientific
Trace gas chromatograph equipped with a Rxi-5 ms
column (30 mx0.25 mm, film thickness 0.25 pm)
and a programmable temperature vaporization (PTV)
injector operated in solvent split mode with an evapo-
ration temperature of 60 °C. The GC was connected
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via a GC Isolink with pyrolysis furnace (at 1400 °C
for hydrogen) or a combustion oven (at 1000 °C for
carbon) to a Conflo IV interface to a DeltaV +isotope
ratio mass spectrometer. To check for hydrogen lin-
earity (across 1 —8 V), the H3+ factor was measured
daily and remained close to 4 ppm mV~!. For carbon,
the standard deviation of reference pulses was bet-
ter than 0.9%o. Reference peaks of H, or CO, were
co-injected during the course of a GC-IRMS run and
used for standardization. Data were normalized to the
VSMOW/SLAP hydrogen isotopic scale by compar-
ing with an external standard run several times per
day (A3 mix for samples run before August 2017;
A6 mix for samples run after August 2017). Stand-
ards were obtained from A. Schimmelmann (Indiana
University) and contained 15 n-alkane compounds
(C,6-Cs), with 8”H values spanning — 46 to —227%o;
and 8'3C values spanning —33.37 to—28.61%o for A3
mix and —33.97 to —26.15%o for A6 mix. The RMS
error determined by replicate standard measurements
during analyses was 3.7%o for 8*H and 0.21%0 8'°C.
Correction for H or C added by methylation of fatty
acids as methyl esters was made by way of mass bal-
ance (Lee et al. 2017). The results are reported using
conventional delta notation (62H and 8'°C in permil,
%0),

6= ( (Rsample - Rstandard ) /Rstandard) x 1000 (1)

in which R is 2H/'H or '3C/'?C, respectively. In order
to reconstruct the isotopic composition of precipita-
tion, we applied the net fractionations (&,gprecip) Of
—121%0 (£3%o) reported for C,g n-alkanoic acids
within tropical forests (Feakins et al. 2016) to calcu-
late 8°H

precip*

Results
Modern water column structure

The hydrographic profiles collected over multiple
years indicate that vertical water-column conditions
are seasonally dynamic (Fig. 3). However, strati-
fied water layers are not easily defined within Emer-
ald Pond. For example, profiles taken in June 2016,
January 2018, and July 2018 measured a relatively
isothermal water column (variability<1 °C), with
higher temperatures (~28 °C) observed in the entire
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°C (psu)
_IIIIIIIIIIIIIIIIII
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Fig. 3 Hydrographic depth profiles from Emerald Pond, Little
Bahama Bank. Data collected with a YSI EXO1 multiparam-
eter sonde

water column during boreal summer. The great-
est vertical temperature variability (~4 °C) and a
defined thermocline were observed in January 2017.
Although all measured salinities are within the oli-
gohaline range (0.5-3.5 psu), a subtle halocline was
observed in June 2016, January 2017, July 2018,
and July 2019. Surface salinities of the meteoric lens
ranged from 1.2 to 1.6 psu, and the depth at which
salinity started to change was variable (e.g., 1.8 m in
January 2017 versus 2.2 m in July 2018). pH values
in the meteoric lens ranged from 7.5 to 7.9 (mean:
7.84+0.04), decreasing along salinity (density) gra-
dients to values~0.3 pH less than surface meas-
urements. Dissolved oxygen concentration in the
meteoric lens ranges from 6.3 to 8.4 mg L', with
decreasing concentration with depth along physico-
chemical gradients. In general, lower dissolved oxy-
gen concentrations were observed during the summer.
At the sediment-water interface, which is~3 m depth
across most of the flat-bottomed sinkhole lake, the
mean dissolved oxygen concentration was 0.4-5.4 mg
L~! (highest concentration during January 2018 pro-
file), ranging from dysoxic to oxic conditions. The
data indicate that Emerald Pond was flooded by the
meteoric lens of the local unconfined aquifer in the
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carbonate platform. However, hydrographic condi-
tions are sensitive to seasonal changes in atmospheric
conditions, which contribute to the shallow water
column (~3 m), narrow diameter (~26 m), limited
internal water volume, proximity of the water table
to the subaerial landscape (~4 m cliff), variability in
groundwater chemistry, and direct freshwater addi-
tions through rainfall or evaporation, and impact
salinity at the sediment-water interface.

Age model and sediment stratigraphy

All coring efforts terminated at a consistent sub-
surface elevation, and basal recovered sediment
was medium to coarse carbonate gravel and frag-
ments (e.g., EMLD C4; Fig. 4A). The four cores
retrieved from Emerald Pond recorded different tem-
poral ranges based on age-model results (Fig. 5).
EMLD RPS5 spanned ~ 1900-1300 cal. yr BP, EMLD
C1~5200-2300 cal. yr BP, EMLD C2~8000-3400
C2 cal. yr BP, and EMLD C4 ~8300-2600 cal. yr BP.
EMLD C4 was the longest stratigraphic succession,
while EMLD CI1 and RP5 recorded the most recent
sediments. Three primary facies characterize the mid-
dle-to-late Holocene stratigraphy in Emerald Pond:
(1) basal peat from~8350 to 8290 cal. yr BP, (ii)
lacustrine carbonate marl from ~8290 to 1700 cal. yr
BP, and (iii) sapropel from~ 1700 to 1300 cal. yr BP.
Bulk coarse carbonate particles and bulk OM content
varied throughout the facies (Appendix A, Table 2).

Immediately above the carbonate fragments 8.9 m
below the water table, a peat deposit was recovered
within EMLD C4. Similar basal sediment was previ-
ously encountered (Slayton 2010), and this suggests
full recovery of the available unlithified stratigraphy
preserved in Emerald Pond. The peat deposit had a
bulk OM content exceeding 75%, and it contained
fibrous leaf and wood fragments in a fine-grained
organic-rich matrix. The presence of fibrous OM
and low concentrations of mangrove pollen (Slayton
2010) within the peat deposit at Emerald pond sug-
gest wetland taxa growing in situ. Terrestrial plant
macrofossils (fibrous organic material) from the peat
deposit base were dated to 8230 cal. yr BP (1o range:
82608200 cal yr. BP), which provided a minimum
onset age for peat deposition. However, suitable con-
ditions for peat accumulation at the bottom of the
sinkhole were short lived.
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The stratigraphy indicated that carbonate marl
accumulated in Emerald Pond from~8300 to
1700 cal. yr BP, but with a variable sedimenta-
tion rate. Carbonate marl deposition began at ~
8285 cal. yr BP (1o range: 8250-8320 cal yr. BP)
in EMLD C4, though this is slightly older than the
basal age for carbonate marl deposition at EMLD
C2 (8070+50 cal. yr BP; Fig. 6). The shorter
EMLD CI only sampled lacustrine marl that was
younger than 5150420 cal. yr BP. However, a nota-
ble coarse-grained gastropod-shell layer (Planborbis,
Fig. 4e) could be correlated between EMLD C1 at
210 cm and EMLD C2 at 90 cm, which were dated
to 3780430 and 3780+ 10 cal. yr BP, respectively
(Fig. 6). EMLD Cl1 successfully sampled lacustrine
marl that was deposited from~5150 to 2320 cal. yr
BP. The overall sedimentation rate within the lacus-
trine marl unit in EMLD C4 was similar to EMLD
C2 (1.2 cm yr™!). However, the sedimentation rate at
the site of EMLD C1 (~5200-2260 cal. yr BP) and
EMLD RP5 (47-60 cm) was lower, 0.9 cm yr I and
0.6 cm yr!, respectively. EMLD C2 and C4 did not
recover any sediment younger than~3200 cal. yr BP
and ~2700 cal. yr BP, respectively. We think this was
caused by sampling interference from a pine needle
layer in the shallow surface—this layer acted as a bar-
rier and prevented the core catcher in the aluminum
pipe (i.e., core nose) to engage and sample the less
consolidated sediment in the upper stratigraphy. As
such, core sampling did not actually initiate until
older (>3000-year-old) and more compacted carbon-
ate sediment was penetrated by the core pipe. The
RP5 push core sampled a carbonate marl and sapro-
pel contact dated to~ 1720+ 15 cal. yr BP (Fig. 7),
which indicated when carbonate marl deposition had
ceased in Emerald Pond.

The carbonate marl had a fine-grained carbonate-
mineral matrix, which is interspersed with gastro-
pods and terrestrial OM fragments (e.g., pine needles,
bark, leaf fragments). XRD analysis indicated that
the marl is primarily high-loaded Mg-bearing cal-
cite. Bulk OM was uniform and consistent throughout
the unit (mean: 6 +9%, range: 1.3-86%), but distinc-
tive organic-rich laminations occurred just above the
basal peat (Fig. 4C). Radiographs documented con-
tinuous laminations throughout the carbonate marl,
which suggests negligible bioturbation (Fig. 4D).
There were organic-rich, green-hued intervals that
occur only from~8140 to 6000 cal. yr BP (EMLD
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Fig. 4 Photographs and radiographs of selected sections of
the studied cores in Emerald Pond, Little Bahama Bank (see
Fig. 2), A 690-716 cm of EMLD C4 showing basal peat to
lacustrine marl transition, B 510-540 cm of EMLD C2 show-
ing green layers, C 605-670 cm of the basal stratigraphy

C2: 430-660 cm, EMLD C4: 440-690 cm; Fig. 6),
and they were not associated with a salient textural
change (Fig. 4B). It is likely that green-hued intervals

of EMLD C2, D 40-60 cm of EMLD C2 showing homog-
enous carbonate mud with laminae, E coarse grained deposit
at~208 cm in EMLD CI1, and F sapropel layer in EMLD C5
from 7 to 26 cm with abundant bivalves visible in the x radio-
graph

are from preserved remains of blue-green algae in the
sedimentary matrix, which thrive in shallow, coastal
carbonate environments (Black 1932).
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Fig. 5 Bayesian age-depth
models for all cores col-
lected in Emerald Pond, Lit-
tle Bahama Bank. Models
were developed using
Bacon (v2.5.1) in R. Dated
substrates (blue shaded
shapes) are terrestrial
macrofossils (Appendix

A, Table 1), gray dashed
lines bind the minimum and
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The most interesting textural characteristics were
the consistent trends in coarse sedimentary parti-
cle deposition between EMLD C2 and C4, and the
striking loss of coarse particle deposition in the last
5000 years (Appendix A Table 2, Fig. 6). In gen-
eral, there was more coarse particle content and vari-
ability from~8200 to~5200 cal. yr BP (e.g., EMLD
C4, mean: 117.8 pm cm™, range: 19.1-264.0 um
cm™3), which thereafter abruptly decreased (mean
values from 117.8 to 56.1 um cm™). Stereomicro-
scopic examination of 13 downcore sub-samples
from EMLD C2, including analysis of layers with
both increased (> 140 mg cm™>) and decreased coarse
fraction content (<50 mg cm™3), indicated that indi-
vidual coarse particles are most likely derived from
within the sinkhole itself. Ostracods and biogenic
calcite structures (calcite tubes and circular particles;
Fig. 6) dominated the>63 pm particle fraction, but
the quantity of individual constituents varied. Cal-
cite-tube structures have been described from other
carbonate lakes, and they are thought to be autogenic
calcite precipitation around submerged vegetation or
aquatic algae from increased pH related to primary
productivity (Leng et al. 2010; Petechaty et al. 2013).
More modest differences in coarse particle deposition
between EMLD C2 and C4 from~7100 to 5200 cal.
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yr BP likely reflects site-specific conditions at coring
locations.

The youngest sedimentary deposits preserved in
Emerald Pond are the sapropel in EMLD RP5 and
organic-rich sediment in EMLD C1. The upper
50 cm of EMLD RP5 is dark brown-hued, bio-
genic sapropel with some coarse-grained OM par-
ticles (e.g., some stem fragments). Sapropel is a
fine-grained OM deposit typically comprised of
decomposed algal, bacterial, or higher plant sources
(Schnurrenberger et al. 2003). Mean bulk OM
within the sapropel unit of EMLD RPS5 (10-45 cm)
was 62.2+14.3% (Fig. 7), which is an order of
magnitude higher than the carbonate marl (mean:
5.7+8.1%). During qualitative assessment, a few
ostracod valves were observed in the sapropel (Can-
dona annae, Cytheridella ilosvayi) but testate amoe-
bae were absent. The upper part of the sapropel also
contained a high concentration of intact bivalve
shells not observed elsewhere in the stratigraphy,
but it cannot be assumed that these infauna organ-
isms are syndepositional with the sapropel. Based
on the radiocarbon date at 49.5 cm (1720 + 10 cal. yr
BP) in EMLD RPS5, the sapropel started to accumu-
late ~ 1700 cal. yr BP. The time when sapropel was
accumulating in RP5 (~1720 to~ 1300 cal. yr BP)
was consistent with the decrease in sedimentation
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Fig. 7 Stratigraphy and radiocarbon dates for core EMLD
RP5, Emerald Pond, Little Bahama Bank. Selected, bracketed
sections (e.g., 4F on EMLD RP5) correspond with images in
Fig. 4. Downcore coarse-grained particle deposition (Sieve-
First loss-on-ignition (LOI), D > 63 pm) mg cm™>, bulk
organic matter (dark green, LOI, weight %), sum of n-alkanoic
acids (light green) C,, ;o (ug g7'), and relative abundance
of C,g n-alkanoic acid (%) are plotted for RP5. Legend as in
Fig. 6

rates and higher OM% observed in the top 50 cm of
EMLD Cl1, which spanned the last millennium. This
assumes that the radiocarbon date from 10.5 cm in
EMLD CI1 (665420 cal. yr BP) accurately reflects
its stratigraphic age. The upper 50 cm in Emerald
Pond spanned the last~2000 years, with RP5 indi-
cating that conditions suitable for sapropel deposi-
tion likely ceased just before 1310 cal. yr BP.

Ostracod assemblages, charophytes and testate
amoebae

In general, ostracod remains were well preserved
with valve density ranging from 21 to 6209 valves
cm™3, and the assemblages dominated by low diver-
sity groupings (species richness range: 2—-6). The six
observed species of ostracode are: Candona annae
(Méhes 1914),Cyprideis americana (Sharpe 1908),
Cypridopsis vidua (Miiller 1776), Cytheridella ilos-
vayi (Daday 1905), Darwinula stevensoni (Brady and
Robertson 1870), and Physocypria globulus (Furtos
1933). The downcore changes in the relative abun-
dance of all taxa follow the same broad changes in
all cores with multi-decadal to centennial variabil-
ity (Fig. 8). Variation between cores is most likely
related to site-specific processes (e.g., slight changes
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in bathymetry, water depth at deposition). From old-
est to youngest, the ostracods were grouped into four
assemblages that are described below.

Assemblage 1 occurred from 8150 to 7600 cal.
yr BP and is dominated by both Darwinula steven-
soni (mean: 35.8%) and Cypridopsis vidua (mean:
59.9%). Assemblage 2 occurs from ~6400 to 7600
cal. yr BP and is dominated by D. stevensoni (mean:
82.2%), with lesser proportions of C. vidua (mean
16.7%). Darwinula stevensoni (freshwater biofacies)
is a widespread taxon that prefers salinities less than
2 psu (Holmes 1997; Keyser 1977; Pérez et al. 2010a,
2010b). These taxa commonly co-occur in the fresh
to slightly oligohaline subtropical and tropical waters
in the Bahamas (Teeter 1989), Bermuda (Keyser and
Schoning 2000), and south Florida (Keyser 1978).
The gyrogonites of charophytes were most commonly
observed within Assemblages 1 and 2, with gyrogo-
nite remains having the highest density (gyrogonites
cm™) from~8100 to 5600 cal. yr BP. There are sev-
eral large peaks of gyogonites (>60 gyrogonites
cm_3) at 5700, 6800, 7800, and 8000 to 8050 cal. yr
BP. After 5700 cal. yr BP, charophytes were absent
from EMLD and did not consistently reappear except
for a brief period from ~2950 to 2850 cal. yr BP.

Ostracod diversity slightly increases in assem-
blages 3 and 4, and preserved charophyte remains
become negligible. Within Assemblage 3 (6400 to
4400 cal. yr BP), there was an overall decreasing rela-
tive abundance of D. stevensoni and C. vidua (samples
with>80% to 5-10%). At 4400 cal. yr BP, Candona
annae colonized the sinkhole, and became the domi-
nant ostracod in the community (mean: 70.5%). Can-
dona annae is common in the shallow, oligohaline
(<3 psu) environments of Florida, but it has been
observed to tolerate salinities up to 6-8 psu (Key-
ser 1977). By 5500 cal. yr BP, Cytheridella ilosvayi
increases in relative contribution to the assemblage,
but still was generally < 5% of the assemblage. Cyther-
idella ilosvayi is a warm water taxon that is common
throughout the tropics to subtropics (30°N-30°S).
Assemblage 4 (4400 to 2200 cal. yr BP) was domi-
nated by C. annae (mean: 53.5%), C. ilosvayi (mean:
31.5%), with less relative abundance of D. stevensoni
(mean: 10%) and C. vidua (mean: 4.3%).

Testate amoebae (thecamoebians) were present
in nearly all samples from EMLD C2, with an aver-
age density of 334 individuals cm™ (range: 0 to
1319 cm™>). While initial sediment (peat) lacked testate
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Candona Cytheridella

Fig. 8 Downcore abun-
dances of ostracods, testate
amoebae and charophytes
in the studied cores from
Emerald Pond, Little
Bahama Bank
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amoebae, test density quickly increased. The first major
increase at~7050 cal. yr BP was followed by a second,
larger increase from 6800 to 6450 cal. yr BP. The num-
bers fluctuated until 164.5 cm when testate-amoebae
densities began to consistently increase until the end
of the EMLD C2 at 3400 cal. yr BP with the highest
observed density of 1319 individuals cm™. The pres-
ence of testate amoebae throughout the succession indi-
cates that salinity did not exceed their ecological toler-
ance range (0-3.5 psu, van Hengstum et al. 2008) from
the middle to late Holocene.

Proportional abundance (%) Counts per cm®

n-Alkanoic acid abundance

For biomarker analysis, each sample integrated 1 cm
of stratigraphy, or ~ 8 years in EMLD C4 and ~9 years
in EMLD RP5. As such, the final record has individ-
ual datapoints that average annual changes over about
a decade (each 1 cm of sediment), with an observa-
tion about once a century (every 10 cm downcore).
We found plant wax n-alkanoic acids with charac-
teristic homologous series distributions typical of
vascular, terrestrial plants (Freeman and Pancost
2014). Within EMLD C4, concentrations of n-alka-
noic acids with chain lengths of 24 (0.4-59 pg g~ "),
26 (0.4-40.6 ug g~ 1), 28 (0.2-216.9 pg g~ ') and 30
(0.2-57.5 pg g~ ') were quantified. Concentrations of
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Cyg decline after~4800 cal. yr BP (with some sam-
ples< ~1 pg g~ !). Overall, the modal chain length
of n-alkanoic acids was 28, with an average chain
length (ACL) of 27+0.8 (16, n=105). The average
carbon preference index (CPI) was 8.9 +7. Both ACL
and CPI indicate inputs from terrestrial higher plants

EMLD C4
60 A T B

1l N

C24 C26 C28 C30 C24 C26 C28 C30
n-alkanoic acid chain length

Relative abundance (%)

Fig. 9 Chain length abundance of n-alkanoic acids for whole
EMLD C4 core (A) and the section from 0.5 to 213.5 cm (B)
from Emerald Pond, Little Bahama Bank. In this core~213 cm
corresponds to a change in coarse-grained particle deposition
(D>63 pm)

(Freeman and Pancost 2014). Within EMLD RP5,
n-alkanoic acids were quantified with carbon chain
lengths of 24 (3.2-34.3 ug g7 '), 26 (3.9-51.5ug g ),
28 (2.1-101.3 pg g~ ') and 30 (1.6-58.1 pg g~ ). The
modal chain length was 28 with an ACL of 27+0.5
(1o, n=12).

The sum of n-alkanoic acid concentrations
(Cy4_30) co-varies with bulk OM% (e.g., increase in
Y n-alkanoic acids with increased OM%) downcore
in both EMLD C4 and RP5 (Figs. 6 and 7), provid-
ing evidence of continuous terrestrial OM input
to Emerald Pond through time. There were two
main patterns in chain length abundance in EMLD
C4 from~ 8300 to 4800 and ~4800 to 2650 cal. yr
BP. C,¢ has a higher relative abundance (C,g/ Y
C,4:Csp) between 8320 and 4780 cal. yr BP (mean
30%), compared to 16% from 4780 to 2630 cal. yr
BP (Fig. 9), and this higher abundance of C,g is
synchronous with a decrease in>63 um particle
density. The dominant C,g n-alkanoic acid relative
abundance from ~ 8300 to 4800 cal. yr BP is typical
of tropical forests (Feakins et al. 2016). Although
n—alkanoic chain lengths from C,,-C;, are common
in land plants, C,, and C,, can also derive from
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Fig. 10 Hydrogen isotopic measurements for n-alkanoic acids
within core EMLD C4, Emerald Pond, Little Bahama Bank. A
Downcore 8°H,g values for the mid-Holocene, B 8°H values
by chain length for the even chain length C,, to C;, n-alkanoic
acids, C Downcore 8'3C,q values, and D 8'°C values by chain
length for the even chain length C,, to C;, n-alkanoic acids.
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Box and whisker plots (B, D) show median (thick line), inter-
quartile range (box), and range (whiskers). Based on abun-
dance and isotopic composition, the C,, and C,4 are thought to
reflect aquatic production by algae (blue box) whereas the C,g
and C;, n-alkanoic acids are likely derived from the leaf wax
of land plants (green box)
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submerged/floating aquatic macrophytes (Ficken
et al. 2000). Therefore, the decrease in C,q4 n-alka-
noic acid dominance (from 30 to 16% relative abun-
dance) after~4800 cal. yr BP and increased domi-
nance of C,¢ (Fig. 10B) could be due to increased
inputs from aquatic plants (Ficken et al. 2000),
whereas we infer the C,q chain length derives from
terrestrial plants.

Hydrogen and carbon isotopes

Unfortunately, the quantification work on all 110
samples indicated that the 1 g samples were [gener-
ally] insufficient for isotopic analyses presumably due
to low plant-wax-accumulation rates and carbonate
dilution. Only samples below 213.5 cm core depth
in EMLD-C4 yielded sufficient C,4 n-alkanoic acid
abundances for isotopic analyses (n=29 out of 110
samples studied). Hydrogen isotopic compositions of
n-alkanoic acids from EMLD C4 ranged from — 186
to —127%o0 (mean: —152%o0, 16=12%0, n=38) for
C,yy, —178 to —107%0 (mean: —149%o, 16=15%o,
n=36) for Cy, —190 to —77%0 (mean: — 138%o,
16=21%0, n=29) for C,5, and —154 to —117%o
(mean: — 138%o, 16 =11%0, n=9) for C,, (Fig. 10A).
Values of 8*H,g span~110%o throughout the record.
8’H,g values were relatively stable from~7680 to
6150 cal. yr BP (mean: — 133, 16 =5%o0, n=15), and
are generally more depleted from~5970 to 4780 cal.
yr BP (mean: —156, 16=19%0, n=10). Recon-
structed 62Hprecip values from~8320 to 4780 cal.
yr BP ranged from —68 to 12%c (mean: —22%o,
16 =20%o; Fig. 11B).

Carbon isotopic compositions of n-alkanoic acids
from EMLD C4 ranged from — 35 to —27%o (mean:
—32%0, 16=2%0, n=12) for C,y, —37 to —28%eo
(mean: —33%o, 16=3%0, n=12) for C,s, —39 to
—30%o (mean: —34%o, 16 =3%0, n=12) for C,g, and
—37 to —28%0 (mean: —33%o, 16 =2%0, n=12) for
C. 8'3C,g values were determined from a subset of
18 downcore samples from EMLD C4 (Fig. 10B).
Values of §°C,g ranged~9%o throughout the record.
8'3C,g values were most depleted from~7600 to
7100 cal. yr BP (mean: —39%o, 16=0.8%o0), aligned
with values measured in late Holocene records from
nearby Blackwood Sinkhole when pollen indicated
there were abundant tropical hardwoods and palms
on the landscape (Fall et al. 2021; Tamalavage et al.
2020). From~4200 to 2700 cal. yr BP, the low

concentrations of C,g (less than~1 ug g~ !) made it
difficult to obtain sufficient material for robust iso-
topic determinations in the processed samples. A
larger sample mass (> 20 g) would be required to gen-
erate isotopic determinations consistently downcore.
However, sediment availability is limited in narrow
bore cores and larger samples equate to lower tempo-
ral resolution.

Discussion
Paleolimnology of Emerald Pond

The three primary facies of Emerald Pond (basal peat,
lacustrine marl, and sapropel) have been described
in other tropical North Atlantic sinkholes and lakes
on carbonate landscapes, providing modern and
prehistoric analogs to understand the paleolimnol-
ogy in Emerald Pond. On Abaco, a lithologic transi-
tion from ‘Lucayan Limestone’, which is defined as
15-20% porosity and with low hydraulic conductiv-
ity of~864 m day~' (Beach and Ginsburg 1980), to
a high porosity dolostone (Holding and Allen 2015;
Kaldi and Gidman 1982; Whitaker et al. 1997) occurs
at 15-20 m depth. This transition marks the maxi-
mum possible vertical extent for meteoric lens devel-
opment on Abaco and it is referred to in Bailey et al.
(2009) as a ‘“Thurber Discontinuity’. Based on local
sea-level indicators (van Hengstum et al. 2020a) and
regional numerical estimates (Khan et al. 2017), we
consider that a ‘Thurber Discontinuity’ in the sub-
surface positioned at 18-22 m should have been
inundated by concomitant groundwater and sea-level
rise by ~9000 years ago. As such, it is unlikely that
the environmental changes in Emerald Pond that
occurred over the last~8300 years were caused by a
step-wise change to groundwater flow from hydraulic
conductivity changes in the antecedent carbonate.

On carbonate platforms that are devoid of fluvial
systems, rainwater directly infiltrates into aquifers
where elevation is ultimately linked to glacio-eus-
tatic sea-level change (Gabriel et al. 2009; Richards
et al. 1994; van Hengstum et al. 2011). It is reason-
able to assume that the elevation of the local water
table in Emerald Pond has been just above local sea
level, given that (1) the porosity of the antecedent
carbonate promotes an unconfined aquifer, and (2)
the minimal distance between Emerald Pond and the
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«Fig. 11 Regional comparison of hydroclimate records, sea
level, and North Atlantic climatic conditions. From this study:
A Coarse-grained particle deposition (D>63 um) for EMLD
C2 (brown) and EMLD C4 (blue), B Downcore §'3C,q from
EMLD C4 (green), and reconstructed ZSZHF,mip (dark blue).
Comparison data from the region include: C Calcite rafts from
Great Cistern, Abaco (Sullivan et al. 2021), D 830 values
from Candona sp., an ostracode, (from Lake Miragoane, Haiti
(Hodell et al. 1991b, a), E %Ti within Cariaco Basin sediments
(Haug et al. 2001), F Northern to Southern Hemisphere Tem-
perature Anomaly (Schneider et al. 2014; black line), and the
mid-month (June) insolation at 30°N (orange line; Berger and
Loutre 1991), and G Evidence for relative sea-level rise in the
region based on indicators and resultant sea-level curve (Khan
et al. 2017; Neumann and Land 1975; Rasmussen et al. 1990;
van Hengstum et al. 2018, 2020a)

local shoreline would act to minimize the elevational
differences imposed by local hydraulic head gradi-
ents between the ocean and the field site. However,
hydraulic head can create elevational differences
between the inland-groundwater table relative to sea
level at the shoreline (Beddows et al. 2007; Martin
et al. 2012). Therefore, basal sinkhole peats should be
conservatively interpreted as terrestrial-limiting sea-
level indicators. The presence of fibrous OM and low
concentrations of mangrove pollen (Slayton 2010)
within the basal peat provide evidence that wetland
taxa (e.g., Rhizophora mangle, Laguncularia rac-
emosa) were growing in situ in Emerald Pond. The
contact between the basal peat and carbonate gravel
at 8.9 m below the modern water table was dated to
8235+30 (EMLD C4), which plots just above, or
within uncertainty, of the relative sea-level curve for
the northern Bahamas (Fig. 11G).

Basal mangrove and terrestrial peats on the epi-
karst surface are widely used to understand regional
sea-level histories (Boardman et al. 1989; Gehrels
1999; Rasmussen et al. 1990; Tornqvist et al. 2004;
Toscano and Macintyre 2003), and at worst they
can provide a maximum sea-level indicator (Khan
et al. 2017; Milne and Peros 2013). However, basal
peats can also form in sinkhole lakes when a wet-
land becomes established in situ on the sinkhole
talus pile (formed from initial carbonate collapse)
from concomitant sea-level and the local groundwa-
ter rise since the last glacial maximum (Gabriel et al.
2009). Elsewhere on Abaco Island, in situ basal peat
was found in No Man’s Land (van Hengstum et al.
2018) and Freshwater River Blue Hole (van Heng-
stum et al. 2020a). Elsewhere in the North Atlantic,

basal sinkhole peat was also found in: Mullet Pond
in Florida (Lane et al. 2011), Cenote Carwash in the
Yucatan Peninsula (Gabriel et al. 2009), and a sink-
hole in Grand Bahama (van Hengstum and Bernhard
2016). However, basal peat does not always develop
in sinkholes, since neither Little Salt Spring (Florida)
nor Cenote Jennifer (Cuba) have basal peat (Gregory
et al. 2017; Peros et al. 2017; Zarikian et al. 2005).
Basal peat can also be differentiated from detrital
peat, OM transported from elsewhere on the adjacent
epikarst surface such as in Runway Sinkhole on Great
Abaco (Kovacs et al. 2013).

The stratigraphy in Emerald Pond is primarily car-
bonate marl, which is consistent with observations
of previous sedimentologists (Shinn et al. 1996) and
work elsewhere (Peros et al. 2017; van Hengstum
et al. 2018). An analog site to infer the conditions that
were favorable to marl deposition in Emerald Pond
is based on the extensive geochemistry and sedimen-
tology conducted at Wallywash Great Pond (WGP,
17.97°N, —77.80°E, max, 5 m water depth, size:
0.76 km?), a groundwater-fed lake on limestone ter-
rain in Jamaica, that has been the focus of extensive
geochemical and sedimentological research (Holmes
et al. 1995a, 1995b; Street-Perrott et al. 1993). This
lake accumulated ~3 m of lacustrine marl during the
late Holocene (Holmes et al. 1995b). Marl deposi-
tion was promoted by several processes (Holmes
et al. 1995a; Street-Perrott et al. 1993). First, cooler
groundwater (25 °C) discharging into a warmer lake
(28.5-31 °C) degasses CO, and raises the lake-water
pH above 8 (Holmes et al. 1995a). As pH transitions
above 7.5 in lakes, saturation index of calcite (SI_;ie)
exceeds 0 and calcium-carbonate precipitation is
favored (Holmes et al. 1995a). Second, in alkaline
waters with pH> 8 and low CO, (), submerged mac-
rophytes (e.g., Chara, Potamogeton) can directly use
HCO;™ in photosynthesis. This process raises the pH
of water, increases its alkalinity, and promotes CaCO;
precipitation by increasing the SI .. (i.e., biogenic
decalcification of spring water). Lacustrine marl dep-
osition is mediated by the concentration of dissolved
ions in lake water, which is impacted by (1) evapora-
tion, (2) degassing of CO, of thermally distinct water
bodies mixing, and (3) decalcification of freshwater
through bicarbonate assimilation by submerged plants
and algae.

Continuous lacustrine marl deposition from ~ 8300
to 1700 cal. yr BP (~6600 years) suggests an
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extended period of stable hydrographic conditions in
Emerald Pond. Based on the salinity tolerance of tes-
tate amoebae (0 to 3.5 psu) and the constant presence
of testate amoebae in the stratigraphy, there is no evi-
dence to suggest that salinity in Emerald Pond ever
exceeded 3.5 psu during marl deposition. There are at
least two hypotheses that could be driving broadscale
marl precipitation in Emerald Pond from~8300 to
1700 cal. yr BP. First, air temperature at Abaco in the
mid-Holocene could have been warmer, promoting
a more isothermal sinkhole-water column and con-
sistent degassing of CO,, similar to late Quaternary
conditions in Wallywash Great Pond (Holmes et al.
1995a). Second, increased rainfall and associated
groundwater-flow rates (reasonably assuming that
the freshwater meteoric lens on the carbonate plat-
form is saturated with respect to HCO;") would result
in consistent bicarbonate concentration, promoting
assimilation by plants and algae. It is possible that
these conditions are not mutually exclusive, perhaps
aquatic conditions and sedimentation were both influ-
enced by climate. However, these conditions do not
exist today; recent hydrographic profiling indicates
that the pH is too low, and water-column temperature
near the sediment-water interface is too variable for
lacustrine carbonate-marl precipitation (Fig. 3).

The salient decrease in coarse particle deposition
and subtle changes in ostracod assemblages does sug-
gest some internal environmental change over time
at Emerald Pond. While the multidecadal variations
in D. stevensoni and other ostracods are most likely
attributable to natural patchiness in species distribu-
tions as preserved in the stratigraphic record, long-
term appearance and disappearance of species is
likely environmentally meaningful. In general, pre-
served charophyte remains (gyrogonites) are most
common prior to~6500 cal. yr BP, which indicates
the sediment-water interface was at least occasionally
covered with benthic green macroalgae coincident
with freshwater ostracods D. stevensoni (Assemblage
1) and C. vidua (Assemblage 2) dominating the meio-
fauna. When the nearby sinkhole lake No Man’s Land
was first inundated by concomitant groundwater and
Holocene sea-level rise, the first ostracod colonizers
in this shallow sinkhole were D. stevensoni and C.
vidua (van Hengstum et al. 2018). Elsewhere, it has
been observed that D. stevensoni tolerates shallow
settings (<1 m; van Hengstum and Bernhard 2016),
as long as dissolved oxygen levels remain above the
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hypoxic boundary (>2 mg L™!; Delorme 1970). From
6500 to 5500 cal. yr BP, C. annae and P. globulus
were also present in Emerald Pond along with D. ste-
vensoni and C. vidua. However, charophyte remains
became less common (Pérez et al. 2010b) and P.
globulus is considered nektobenthic, which suggests
that a deepening water column perhaps favored a
modest diversification in ostracods and loss of cha-
rophytes at 6500 cal. yr BP. From 5500 to 4500 cal.
yr BP, ostracods were dominated by C. ilosvayi and
C. annae, and there was a salient decrease in coarse
particle deposition. The benthic C. ilosvayi is wide-
spread in tropical and subtropical lakes, and C. ilos-
vayi (<3.2 psu; Pérez et al. 2010b) and C. annae
(generally <3 psu, but as high as 8 psu; Keyser 1977)
have a slightly higher salinity tolerance than D. ste-
vensoni (generally <2 psu: Keyser 1977). It is possi-
ble that this subtle change in salinity and coarse parti-
cle deposition is linked to groundwater reorganization
following inundation of the Bight of Abaco between
5980 to 5570 cal. yr BP (van Hengstum et al. 2020a),
which would have separated the previously connected
groundwater systems of Grand Bahama and Abaco
Island (Gulley et al. 2016). Alternatively, perhaps a
deepening water column and ongoing evaporation
from the water table increased the cation concentra-
tion in the sinkhole, such that it exceeded ecological
thresholds for the ostracods. Nevertheless, the ostra-
cods appear to document long-term subtle environ-
mental variations (e.g., water-column deepening,
minor salinity shifts, habitat partitioning) in Emerald
Pond at the multi-centennial timescales, as opposed
to revealing multi-decadal changes in groundwater
variability.

The carbonate marl to sapropel contact observed
in EMLD RPS5 suggests that the limnology of Emer-
ald Pond fundamentally changed at~1700 cal. yr
BP. The deposition of sapropel suggests enhanced
in situ organic carbon production or accumulation in
the sinkhole, in turn leading to more organic carbon
degradation, increased CO,_and lower pH (increased
acidity). Small water-table increases (as low as <1 m)
can increase primary productivity in sinkhole lakes,
and resultant sapropel deposition (van Hengstum et al.
2020a). Similarly, geomorphologically deep sinkholes
can experience increased light availability and in situ
primary productivity when the water table approaches
the subaerial surface (Gregory et al. 2017). Alter-
natively, slightly cooler regional conditions in the
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circum North Atlantic region from~ 1650 to 1350 cal.
yr BP, which is known as the Dark Ages Cold Period
(Helama et al. 2017), could have increased sinkhole-
lake stratification and sapropel deposition independ-
ent of a change to primary productivity as increased
stratification can contribute to increased oxygen con-
sumption and OM preservation in the hypolimnion
(Dean 1999). Sapropel is not a diagnostic salinity
indicator since it can accumulate in sinkholes and
karst lakes that are marine, e.g., Mangrove Lake, Ber-
muda (Hatcher et al. 1982), brackish, e.g., Yax Chen,
Mexico (Gabriel 2008), or freshwater, e.g., Carwash
Cave, Mexico (van Hengstum et al. 2010). However,
the presence of a few ostracods (e.g., C. ilosvyi and C.
annae) within the sapropel does suggest similar olig-
ohaline salinity conditions as during marl deposition.
Algal sapropel deposition ceased in Emerald Pond
just after ~ 1400 cal. yr BP. This is intriguingly close
to the interval when calcite-raft deposition in the
nearby Great Cistern sinkhole ceased (Sullivan et al.
2021). Perhaps this coeval change in sedimentology
in two sinkholes suggest a broader linkage to chang-
ing regional hydroclimate, or a response to continued
Holocene sea-level rise and broader inundation of the
eastern Little Bahamas Bank. Late Holocene limno-
logic conditions from ~ 1300 cal. yr BP until present
supported slower deposition rates of lacustrine marl
or sapropel than recorded earlier in the Holocene.

Plant wax evidence for hydroclimate variability

The reconstructed values from Emerald Pond align
with recorded 62Hprecip from Centro de Proteccion
e Higiene de la Radiacion, ranging from —66.3 to
20.6%c (Fig. 2), and are thus theoretically possible.
However, modern seasonality of 62Hprecip ranges
from —15.2 to —3.5%0 (Tamalavage et al. 2020),
which makes the range of variability recorded in
Emerald Pond sediment (~110%¢) surprising given
the time averaging of sediments (i.e., each sample
integrates ~8 years). There are no mangroves in the
area and only a few intervals containing low concen-
trations of mangrove pollen (potentially from aeo-
lian deposition) beyond higher concentrations in the
basal peat (Slayton 2010). Therefore, the input of
mangrove OM impacting 8H,,,q,., Vvalues is not a
concern at Emerald Pond unlike at other coastal sink-
holes (Tamalavage et al. 2020). Additionally, 8'3Cy
values do not covary with 8’H or in tandem with

any vegetation components described in the pollen
records (Slayton et al. 2010).

We therefore tentatively interpret 5°H values of the
C,¢ n-alkanoic acids as evidence for past precipita-
tion, not vegetation shifts. The measured ESZHprecip val-
ues are relatively consistent from~8000 to 6100 cal.
yr BP (mean: — 13.7%0 + 6%o0), but more depleted val-
ues around (i) ~6000 and (ii) from 5400 to 4800 cal.
yr BP (mean: —40.1%0+22%0) suggest rainfall
increased. A simultaneous decrease in the quantity of
terrestrially-derived leaf waxes (Fig. 6) and accumu-
lation or production of coarse-grained sedimentary
particles and ostracods at~5000 cal. yr BP (Fig. 11A)
potentially suggests the proxies are linked to local
precipitation on centennial timescales. There is evi-
dence that the period prior to 5000 years ago was wet-
ter on nearby Haiti (Hodell et al. 1991a), and stable
oxygen isotopic ratios preserved in a speleothem from
Cuba suggest increasing rainfall during the middle
Holocene with modern rainfall regimes established
by 5500 years ago (Fensterer et al. 2013). On Abaco,
there is evidence for centennial-scale oscillations
in precipitation during the middle to late Holocene,
along with evidence for a notable shift to less rain-
fall occurring around 5000 years ago (Sullivan et al.
2021). In Emerald Pond, perhaps the shift in coarse
particle deposition at 5100 cal. yr BP (limnological
response) and shift to more depleted 62Hprecip values
from 5400 to 4800 cal. yr BP (landscape response) is
a local response to regional synoptic-scale hydrocli-
mate changes occurring around this time, or related
to source-water-salinity changes. However, higher
resolution hydroclimate records than those presented
here, ideally calibrated to the instrumental record to
better resolve seasonal effects (boreal summer vs.
winter), would significantly improve our understand-
ing of regional rainfall changes during the Holocene.

Plant wax carbon isotopes provide additional infor-
mation about the surrounding vegetation and pos-
sibly hydroclimate changes. More enriched 613C28
values occur from~6900 to 4800 cal. yr BP, with
the most enriched value (—30%o) at~6000 cal. yr
BP (Fig. 11B). These enriched 8'* C,q values, which
are typically attributed to OM from open canopy
woodlands or conifers (Diefendorf and Freimuth
2017), are consistent with pollen evidence for a mod-
est increase in Pinus and palm species on the Abaco
landscape after~6300 cal. yr BP (Slayton 2010). In
addition, the 8'3C,g variability may be explained by
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varied inputs of vegetation, from diverse plant com-
munities recorded by pollen within Emerald Pond
from~7000 to 6500 cal. yr BP (Slayton 2010). 8°H
is stable from~6900 to 6000 cal. yr BP when §"3Cy
values shift, suggesting that §*H,g is not perturbed by
the vegetation shifts.

The timescales of the plant-wax archive are
assumed to be contemporaneous with other mac-
rofossil accumulation, however, it is possible that
pre-aging impacts the preserved leaf-wax signa-
tures through prolonged storage in soils, as has been
reported in lakes draining landscapes with accumulat-
ing soils that developed in the post-glacial landscape
of glaciated, continental north America (Freimuth
et al. 2021). Within a similar karstic environment in
the Yucatan Peninsula, with low topographic relief,
compound-specific radiocarbon analyses revealed
aged leaf wax n-alkanoic acids (350-1200 years
older than bulk sediment; Douglas et al. 2014). They
suggested long soil residence times (>50 cm) and
transport to the lake through either overland trans-
port or subterranean conduits (Douglas et al. 2014).
Pre-aging of leaf waxes, i.e., the storage of plant wax
on the landscape prior to remobilization and deposi-
tion, should work to smooth the original 8’H signal
(French et al. 2018; Inglis et al. 2022). It is possible
that the Emerald Pond leaf-wax record may be older
from the dated terrestrial plant macrofossils upon
which the age model is based (Fig. 5), if plant wax
and macrofossils have different transport pathways
and residence times (e.g., soil storage of plant wax),
as suggested in the Douglas et al. (2014) karstic set-
ting. However, leaves and their waxes, seeds, and
other macrofossils may also have equivalent rapid
input into the basin (e.g., via wind transport). In this
setting, we suspect transport is rapid given (1) nearby
terrestrial surface has limited soil cover (<25 cm)
constraining storage times, and (2) the abrupt isotopic
shifts observed in the record. Although this remains
untested without costly and large sample require-
ments of compound-specific radiocarbon analysis,
we suggest that biomarkers accumulating in Emer-
ald Pond can be assumed to be synchronous with the
organic macrofossil-age mode.
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The influence of climate factors on regional
hydroclimate through time

Middle to late Holocene hydroclimate change in
the northern Caribbean is coeval with the decrease
in northern hemisphere (NH) summer insolation
(Fig. 11F). Paleoclimate reconstructions in the
subtropical North Atlantic have been used to infer
ITCZ behavior over centennial and millennial time-
scales (Haug et al. 2001; Hodell et al. 1995; Lane
et al. 2011), as it is a major driver of hydroclimate
variability in the Yucatan, Central America, and the
northern part of the South American continent. In
contrast, the NASH primarily regulates boreal sum-
mer precipitation in the subtropical North Atlantic
(Li et al. 2012), but a lack of records means that
NASH behavior on paleoclimate timescales is less
understood. ENSO variability may further con-
found regional transitions between pluvial versus
arid intervals (Barron and Anderson 2011; Sand-
weiss et al. 1996), and ENSO is a primary regula-
tor of boreal winter rainfall in the northern Bahamas
(Jury et al. 2007; Martinez et al. 2019). Given that
isotope-enabled Community Earth System Model
simulations suggest that 2H-depleted rainfall corre-
sponds to a weak NASH (lower central pressure, and
western boundary displaced to the East; Tamalavage
et al. 2020), it is possible that 8°H ratios preserved
in Emerald Pond document a more eastern NASH
edge position from ~ 6000 to 4800 cal. yr BP, that in
turn increased rainfall at Abaco.

Most current generation climate models suggest
that the subtropical North Atlantic region should be
drier (especially in boreal summer) during the middle
Holocene (6000 cal. yr BP— based on PMIP4-CMIP6
simulations; Fig. 6 in Brierley et al. (2020)). This
discrepancy between climate and paleoclimate data
could result from a number of issues inherent to sim-
ulating the climate of the mid-Holocene in the sub-
tropical North Atlantic. For instance, climate mod-
els underestimate the West African Monsoon extent
at~6000 cal. yr BP (Braconnot et al. 2007), in part,
because of issues capturing the “Green Sahara” or
African Humid Period (Gasse 2000). Improved West
African Monsoon simulations that include vegetation
feedbacks and changes to the dust-aerosol forcing
during the mid-Holocene (Pausata et al. 2016), and
improved paleoclimate records (Shanahan et al. 2015;
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Tierney et al. 2017) have narrowed this discrepancy.
A strengthened West African Monsoon has connec-
tions to ENSO (Pausata et al. 2017) and hurricane
activity (Dandoy et al. 2021) in the mid-Atlantic, both
of which are likely to be relevant to Caribbean hydro-
climate. The impacts of the West African Monsoon
on the NASH, however, are not fully understood.
Nevertheless, the strength and extent of the NH mon-
soons and NASH position are likely linked through
stationary wave dynamics (Kelly et al. 2018; Mant-
sis et al. 2013). Since the NASH is a key regulator
of rainfall in the subtropical North Atlantic, further
work on constraining NASH behavior during the mid-
Holocene, its link to the NH monsoon systems, and
the role for orbital forcing in driving these changes
may address the discrepancy between climate model
and proxy records. Additional high-resolution sedi-
mentary records from this region will help to inform
the regional hydroclimate history and better enable
spatial comparison with climate models.

Conclusions

e Emerald Pond contains a basal peat deposit (8.9 m
below modern sea level) containing Rhizophora
pollen likely formed in-situ in Emerald Pond by
8235+30 cal. yr BP at 8.9 m below modern sea
level. This sea-level indicator plots within uncer-
tainties of independent estimates for sea-level
position in the early Holocene (Khan et al. 2017;
Neumann and Land 1975; Rasmussen et al. 1990;
van Hengstum et al. 2018, 2020a).

e From~ 8300 cal. yr BP to~ 1700 cal. yr BP, lacus-
trine marl accumulated within Emerald Pond,
during a period of relatively stable limnologi-
cal conditions with salinity <3.5 psu. However,
a modest internal environmental change did
occur at~5500 cal. yr BP, which was marked by
decreased coarse particle deposition and ostracod
faunal changes. Because of uncertainties, it is not
possible to isolate whether this change was caused
by synchronous hydrogeologic shifts from inunda-
tion of the Bight of Abaco on the Little Bahama
Bank, or regional hydroclimate forcing in the
Atlantic Ocean.

e The measured 5°H of plant-wax biomarkers from
surrounding vegetation are interpreted as a record
of precipitation isotopic composition. While

measured values are generally stable, oscillations
to more depleted values from~6000 to 4800 cal.
yr BP may correspond to wetter conditions
recorded by nearby hydroclimate records and with
dynamic interpretations of a weaker NASH. How-
ever, uncertainties related to confounding effects
such as changes to source water (e.g., groundwa-
ter) cannot be excluded.

e We also measured the 8'°C of plant wax biomark-
ers and see large variations that may correspond
to closed canopy forest and open vegetation; how-
ever, these shifts do not align with the &%H varia-
tions or pollen records and remain ambiguous.

e The limnology fundamentally changed at~ 1700 cal.
yr BP and~ 1300 cal. yr BP, when sapropel deposi-
tion was initiated and ceased, respectively. This inter-
val aligns closely with the Dark Ages Cold Period
(e.g., 16501350 cal. yr BP), and perhaps reflects a
local response to a period of regional cooling sea-
surface temperatures (Helama et al. 2017). Environ-
mental conditions in Emerald Pond (seasonal pH
range: 7.2-7.8) do not presently promote either marl
or sapropel deposition as it did in the past.
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Appendix

See Tables 1 and 2.

Table 1 Conventional radiocarbon dates for EMLD C1, C2, C3, and RP5

Accession number Core Section Core section Total core F'“C Conventional Conventional ~ 8'*C (%o)
depth (cm)  depth (cm) l4c age (yr)  Age Error
(yrs)

0S-152150 EMLDC1 1:3 10.5 10.5 0.9158+0.0021 705 20 N/A
0S-152151 EMLDC1 1:3 49 49 0.7548 +£0.0015 2260 15 N/A
0S-152152 EMLD C1 2:3 5.5 97.5 0.725+0.0016 2580 15 N/A
0S-152153 EMLDC1 23 111.5 203.5 0.6455+0.0017 3520 20 N/A
0S-152214 EMLD C1 33 101.25 317.75 0.5692+0.0015 4530 20 —25.25
0S-153819 EMLDC2 1:5 31.75 31.75 0.68 +0.0020 3100 25 —27.95
0S-153820 EMLD C2 1:5 77 77 0.6445+0.0018 3530 25 —27.44
0S-153792 EMLD C2 2:5 69.25 192.25 0.5955+0.0114 4160 150 —30.62
0S-153821 EMLD C2 55 20.25 445.25 0.4388+0.0019 6620 35 —25.41
0S-153793 EMLD C2 55 119.75 544.75 0.406+0.01 7240 200 —-30.28
0S-152215 EMLD C4 1.7 14.5 14.5 0.729+0.0016 2540 20 —25.77
0S-152216 EMLD C4 1.7 49.5 49.5 0.7014+0.0018 2850 20 —28.34
0S-137772 EMLD C4 2.7 2 125 0.6328 +£0.0016 3680 20 —25.69
0S-137773 EMLD C4 2.7 37.5 160.5 0.6259+0.0016 3760 20 —25.50
0S-133773 EMLD C4 2.7 71.5 194.5 0.5948+0.0019 4170 25 —24.09
0S-133774 EMLD C4 3.7 59.5 276.5 0.5666+0.0018 4560 25 —27.24
0S-133775 EMLD C4 4.7 126.5 410.5 0.4908+0.0018 5720 30 —27.33
0S-133776 EMLD C4 5.7 117.5 542.5 0.4451+0.0018 6500 35 —28.32
0S-133772 EMLD C4 67 83.5 646 0.3491+0.0017 8450 40 —29.30
0S-137774 EMLD C4 7.7 2 653 0.4031+0.0015 7300 30 —28.40
0S-133791 EMLD C4 7.7 64 715 0.3953+0.002 7460 40 —30.58
0S-153822 EMLD C4 7.7 49.5 700.5 0.3984+0.0018 7390 35 —29.25
0S-155904 EMLD RP5 1:1 5 5 0.8658+0.0018 1160 15 —25.02
0S-148463 EMLD RP5 1:1 8.25 8.25 0.7429+0.0016 2390 15 —25.82
0S-148464 EMLD RP5 1:1 22.5 22.5 0.8231+0.0016 1560 15 —26.22
0S-148465 EMLD RP5 1:1 29.5 29.5 0.8156+0.0017 1640 15 —26.92
0S-148466 EMLD RP5 1:1 49.5 49.5 0.7981+0.0016 1810 15 —29.31
0S-148467 EMLD RP5 1:1 58.75 58.75 0.7898+0.0017 1900 15 —25.04
0S-155905 EMLD RP5 1:1 61.5 61.5 0.7782+0.0016 2020 15 —26.22
0S-155906 EMLD RP5 1:1 54.5 54.5 0.4243+0.0014 6890 25 —24.67
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Tab! e12 dBul}( Coafing Sedimen-  Coarse particles Coarse particles Bulk OM (%) range ~ Bulk OM (%) mean
particle density anc ™ tary facies range (mgcm™)  mean (mg cm™)
for the three main facies
present within the EMLD Peat 13.7 10 28.9 215455 3.0t079.4 79.5+3.4
cores Marl 5.410327.1 89.0+5.7 0.3 t0 88.0 57+8.1

Sapropel  11.8to 118.1 49.2+26.4 31.0 to 86.0 62.2+14.3
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