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a b s t r a c t

Northern Hemisphere tropical paleoclimate records support significant changes associated with Dans-
gaard Oeschger (D/O) events and Heinrich stadials 1 to 6 during the last 64,000 years. However, few
absolutely dated terrestrial records from the western Atlantic span the last six Heinrich stadials. Here we
present geochemical results from three new stalagmites collected from a cave in the Bahamas which
encompass Heinrich stadials 1 to 6. We build on a previous study of the d13C and d18O values of the calcite
and d18O value of fluid inclusions from a single stalagmite from the same cave spanning the last three
Heinrich stadials. Absolute geochronometry using U-Th equilibrium series demonstrates that the sta-
lagmites formed between 63.8 and 13.8 kyr BP. The d13C and d18O values of the calcite show higher values
associated with Heinrich stadials 1e6, and lower values during the D/O interstadial events. The Sr/Ca
ratios of the calcite are shown to be relatively invariant, while in two of the samples the Mg/Ca ratios
track the d13C values.

Increases in the d18O values across Heinrich stadials 1e6 are interpreted as being driven by lower
temperatures. The two deeper occurring stalagmites demonstrate increased Mg/Ca ratios and d13C values
during Heinrich stadials 1 and 2 which are interpreted as a signal of reduced flow rates in the epikarst
and increased water/rock interactions as a result of increased aridity which potentially occurred across
all six Heinrich stadials. The observed reductions in mean annual temperature and amount of precipi-
tation across Heinrich stadials are proposed to be driven by a reduction in sea surface temperatures in
the North Atlantic and an expanded Bermuda High. During D/O interstadials, the Bahamas cave records
likely indicate warmer and/or wetter climate; however the isotopic shifts are not as significant as the
isotopic excursions associated with Heinrich stadials.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Millennial scale, rapid climate change events such as Dansgaard/
Oeschger (D/O) and Heinrich stadial events have been significant
drivers of climate variability over the last 64,000 years (Bond et al.,
ences, Desert Research Insti-

.

1997; Dansgaard et al., 1984). Studies from the Northern Hemi-
sphere tropical western Atlantic have documented rapid hydrologic
and temperature changes associatedwith D/O and Heinrich stadials
(Escobar et al., 2012; Grimm et al., 2006; Hagen and Keigwin, 2002;
Hodell et al., 2012; Keigwin and Jones, 1994; Lozano-Garcia et al.,
2015; Sachs and Lehman, 1999), however few high resolution re-
cords span the last 64,000 years from this region (Deplazes et al.,
2013; Grimm et al., 2006; Peterson et al., 2000). This study spans
the last 64,000 years, demonstrating climatic changes associated
with D/O events and the last six Heinrich stadials, and adds to the
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scarce absolutely dated terrestrial records from the western
Atlantic.

The goal of this study was to build upon a previous Bahamian
stalagmite record (Arienzo et al., 2015) by analyzing three addi-
tional stalagmites spanning the last 64,000 years in order to
reconstruct millennial scale climate variations using multiple
geochemical proxies. The study of Arienzo et al. (2015) utilized the
d18O values of the fluid inclusions (d18Ow) and showed that the
main driver of increased d18O values of the calcite (d18Oc) associated
with Heinrich stadials 1 to 3 was temperature rather than changes
in the d18O value of the fluid. Increased d13C values of the carbonate
(d13Cc) were also observed associated with Heinrich stadials, driven
by either a decrease in temperature or an increase in aridity. Both a
decrease in temperature and an increase in aridity can lead to a
reduced biogenic CO2 component of the dissolved inorganic calcite
(DIC) and more positive d13Cc values (Genty et al., 2003; Arienzo
et al., 2015). Here, we examine the role of Northern Hemisphere
climate on the tropics by combining multiple geochemical proxies
including stable isotopes of the calcite and minor element mea-
surements from four stalagmites from one cave to determine the
robust signals of climatic drivers in this region during the last
64,000 years. We then compare the results from the Bahamas to
ocean sediment, ice core and tropical speleothem records, to place
the Bahamas records in a regional setting, to better characterize the
western Atlantic climatic response associated with such rapid
climate events, and to understand the global propagation of rapid
climate events.
1.1. Millennial scale climate

The D/O and Heinrich stadial events were rapid climate events
with a global climate response (Deplazes et al., 2013; Grimm et al.,
2006; Peterson et al., 2000). Heinrich stadials were associated with
cooling in the North Atlantic, the southerly expansion of ice,
freshwater discharge to the North Atlantic, and reduced North
Atlantic deep water formation and a slow/shut down of the Atlantic
meridional overturning circulation (AMOC) (Broecker et al., 1985;
Henry et al., 2016; McManus et al., 2004), with a global climate
response (Clement and Peterson, 2008).

The D/O interstadials were recorded in the Greenland ice cores
as periods of warming, followed by a gradual return to cooler
temperatures (Dansgaard et al., 1984). The D/O stadials have been
shown to be associated with a reduction in AMOC (Henry et al.,
2016). While D/O events were global in their scale (Fletcher et al.,
2010; Jim�enez-Moreno et al., 2010; Jouzel et al., 2007; Siddall
et al., 2010), the mechanisms which drove these events and their
global propagation are still not well understood (Clement and
Peterson, 2008; Timmermann et al., 2003). Several hypotheses
have been proposed including changes in the AMOC (Broecker
et al., 1985), sea ice coverage (Li et al., 2010; Petersen et al., 2013),
tropical processes (Clement and Cane, 1999), and the Southern
Ocean (Buizert and Schmittner, 2015).
2. Regional setting and sample specimens for study

The modern climate of the subtropical Bahamas is primarily
controlled by the easterly trade winds with minimal annual air
temperature variation of 22e28 �C (Baldini et al., 2007). There are
distinct wet and dry seasons with the wetter period between late
spring to early winter driven by the Bermuda High (Baldini et al.,
2007).

For this study, four stalagmites (AB-DC-01, 03, 09, and 12) were
collected from a currently submerged cave located in the middle of
southern Abaco Island, Bahamas (N26�14, W77�10) (Fig. 1 a & b).
These speleothems formed during previous sea level low-stands in
caves of Pleistocene limestone aeolianites and marine limestones
(Arienzo et al., 2015; Walker et al., 2008). In addition, dolomite has
been reported in the subsurface of Abaco Island at a depth of ~24m
below the surface (Kaldi and Gidman, 1982). The cave was accessed
through a collapsed sinkhole and consists of laterally extensive
levels at ~22, 33.5 and 45 m below sea level. These stalagmites (AB-
DC-01, 03, 09, and 12) were obtained from water depths respec-
tively of 33.5, 34.4, 16.5, and 11.9 m below current sea level. Results
from AB-DC-09 have been presented previously (Arienzo et al.,
2015).
3. Stalagmite geochemistry

The isotopic composition of oxygen and carbon from the car-
bonate of stalagmites are routinely measured as proxies for pale-
oclimate reconstructions. However, the interpretation of these
isotopes is inherently complex as a result of the influence of tem-
perature and water composition. Specifically, the d18O values of the
carbonate are thought to reflect either the d18O value of the rainfall
or the temperature of the cave (Arienzo et al., 2015; Kanner et al.,
2012). Alternatively, many studies have relied on additional prox-
ies, such as isotopic analyses of fluid inclusions, trace and minor
elemental analysis and modern cave monitoring (Fairchild and
Baker, 2012).

The d13C values of the carbonate can be impacted by biological
soil activity, the type and quantity of vegetation (C3 versus C4), Prior
Calcite Precipitation (PCP), and the amount of water/rock interac-
tion (Fairchild et al., 2006). These factors can be further influenced
by changes in temperature and the amount of precipitation. Within
caves with active speleothem formation, it has been demonstrated
that ventilation may influence the d13C value of the CO2, and hence
the d13Cc value of the speleothem calcite (Lambert and Aharon,
2011; Tremaine et al., 2011). In addition, changes in the d13Cc and
d18Oc values of speleothems may not be solely driven by climatic
factors, but rather by kinetic factors. Two tests have been suggested
to account for such effects. The ‘Hendy’ test (Hendy,1971) examines
whether there is lateral variability along growth bands in the
isotope record which if present suggests non-equilibrium precipi-
tation, while an alternate approach is to conduct replication tests
(Mühlinghaus et al., 2009), in which multiple stalagmites from the
same cave aremeasured to replicate geochemical trends that can be
associated with climatic factors (Dorale and Liu, 2009).

The trace and minor elemental (Mg, Sr, Fe, Ba) concentrations of
speleothems have increasingly proven to be important in the un-
derstanding of environmental processes affecting speleothem
growth (Cross et al., 2015; Cruz et al., 2007; Tremaine and Froelich,
2013). Factors that can influence the incorporation of minor ele-
ments into drip water include the type of overlying bedrock
(Fairchild et al., 2000), hydrologic conditions (Cruz et al., 2007),
routing path of the water (Fairchild and Treble, 2009), amount of
water/rock interaction (Fairchild et al., 2000), cave ventilation
(Wong et al., 2011), and calcite precipitation rate (Lorens, 1981).
During periods of enhanced aridity, PCP can occur through evap-
oration or CO2 degassing in the epikarst or within the cave ceiling
(Treble et al., 2015). With increasing PCP, drip waters become
enriched in Mg and Sr as these elements are excluded from the
solid phase. Evidence of PCP, and hence increased aridity, have been
attributed to a positively correlated Mg to Sr variation in speleo-
thems (Fairchild and Treble, 2009). In addition, during periods of
low flow, increased residence time of waters in the epikarst leads to
increased water/rock interaction and hence elevated minor



Fig. 1. Map of the Atlantic (a) showing the locations of the Bahamas, Cariaco Basin (Deplazes et al., 2013) and Bermuda Rise (Core MD95-2036) (Sachs and Lehman, 1999). Contours
show the modern June-July-August (JJA) mean precipitation rate (mm/day) from the Climate Prediction Center Merged Analysis of Precipitation (CMAP) from 1979 to 2016 CE. The
white dotted line is the approximate location of the Intertropical Convergence Zone (ITCZ) during the boreal summer. b) Close up of the Bahamas. The submerged stalagmites were
collected from Abaco Island, Bahamas from depths ranging from 11.9 to 34.4 m below sea level.
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element concentrations (Fairchild and Treble, 2009).

4. Methods

To prepare the stalagmites for geochemical subsampling, the
samples were encased in epoxy, cut along the center growth axis,
and polished (Supplementary Fig. 1). All stalagmites exhibited
dense calcite with no evidence of diagenetic alteration along the
central axis where the subsamples analyzed for the geochemical
parameters were taken.

4.1. Absolute geochronometry using Uranium-Thorium decay series

A total of 27 samples were processed for U-Th geochronometry.
Approximately 0.1e0.2 g of each sample collected from the central
axis of growth by hand-drillingwere dissolved in 6mol/l nitric acid,
spiked with IRMM-3636a, and processed through extraction
chromatography to separate U and Th. The isotope ratios were
measured on a Thermo Fisher-Neptune Plus multi-collector ICP-MS
at the University of Miami. The details of U-Th geochronometry and
the propagation of random and systematic uncertainties are pro-
vided in Pourmand et al. (2014). In the previous and current studies,
uncertainties for the ages are reported at 95% confidence interval
(CI) based on Monte Carlo simulations. For all U-Th samples, an
initial 230Th/232Th activity ratio of 3.7 ± 0.6 was used to account for
excess (unsupported) 230Th (Arienzo et al., 2015). Arienzo et al.
(2015) determined this value by comparing initial 230Th/232Th
measurements from modern Bahamian cave calcites to previously
published values from the Bahamas (Hoffmann et al., 2010; Beck
et al., 2001) with an initial 230Th/232Th activity ratio of 3.7 ± 0.6
falling within the range of values observed for the Bahamas. All
ages are reported in years before present (yr BP), 2013 CE.

4.2. Carbon and oxygen isotopes

Sampling of the speleothem carbonate for carbon and oxygen
isotopes was carried out using a New-Wave computerized micro-
mill at both high and low resolution. Low resolution sampling
consisted of one sample every 1000 mm throughout the length of
the stalagmite. Two areas were analyzed at high resolution (20 mm
sampling interval) for stalagmite AB-DC-12 as these areas were
thought to consist of rapid and significant isotopic shifts
(Supplementary Fig. 1). The C and O isotopic measurements were
made using a Kiel III interfaced with a Thermo-Finnigan Delta Plus
Mass Spectrometer at the University of Miami. All data have been
corrected for interferences at mass 45 and 46 and are reported
relative to Vienna Pee Dee Belemnite (VPDB). The precision of the
d13Cc and d18Oc values was better than 0.1‰.

4.3. Minor elements

Splits of material sampled from AB-DC-01, 03, and 12 analyzed
for d13Cc and d18Oc were additionally measured for minor elements
(Sr, Mg and Ca) utilizing a Varian Vista-Pro Inductively Coupled
Plasma Optical Emission Spectrometer (ICP-OES) at the University
of Miami. For stalagmite AB-DC-09, elemental sampling was con-
ducted separately at a resolution of one sample every 500 mm.
Samples were diluted in 4% trace grade HNO3 to yield a



Table 1
U-Th dating results from a) AB-DC-01, b) AB-DC-03, and c) AB-DC-12. Ratios in brackets are activities.

Distance from
Top mm

238U (ppb) (95% CI) ± 232Th (ppb) (95% CI) ± [230Th/238U]
(activity)

(95% CI) ± [230Th/232Th]
(activity)

(95% CI) ± Uncorr. Age (yr) (95% CI) ± [234U/238U] initial
(corrected activity)

(95% CI) ± Corr. Age (yr) (95% CI) ±

a.
5000 112.994 0.087 2.190 0.180 0.2069 0.0037 32.7 2.74 27,397 555 0.93 0.00259 24,604 755
8000 182.614 0.104 0.531 0.016 0.2128 0.0011 223.7 6.84 26,024 138 1.004 0.00254 25,640 148
17,000 316.354 0.174 0.402 0.039 0.23 0.0012 555.3 54.07 27,798 144 1.025 0.00265 27,634 145
36,000 335.15 0.17 0.597 0.005 0.2339 0.0011 401.4 3.86 28,311 130 1.025 0.00261 28,081 136
45,000 347.287 0.212 0.316 0.006 0.2363 0.0011 792.7 16.24 28,431 127 1.032 0.00268 28,315 129
b.
8000 566.682 0.265 2.312 0.019 0.1305 0.0006 97.7 0.9 14,925 60 1.022 0.00244 14,396 103
48,000 355.148 0.204 3.257 0.023 0.1377 0.0006 45.9 0.38 15,745 65 1.026 0.00254 14,556 202
138,000 349.702 0.161 1.345 0.021 0.1319 0.0006 104.9 1.69 15,266 57 1.012 0.00245 14,762 98
150,000 358.728 0.19 0.437 0.004 0.1347 0.0005 337.9 3.54 15,478 51 1.02 0.00248 15,320 56
178,000 389.329 0.183 0.874 0.018 0.1373 0.0006 187 3.98 15,804 65 1.019 0.00244 15,513 80
c.
14,000 775.204 0.422 2.575 0.016 0.2914 0.0011 268.1 1.92 37,148 144 1.011 0.00264 36,712 159
53,000 260.535 0.163 0.490 0.002 0.3022 0.0014 490.8 2.88 39,247 190 1.001 0.0027 38,999 191
84,000 361.556 0.174 1.420 0.019 0.3204 0.0012 249.3 3.48 42,059 164 1.003 0.00263 41,539 180
101,000 395.053 0.351 0.311 0.002 0.3261 0.0014 1266.5 9.18 42,500 192 1.012 0.0029 42,397 191
133,000 624.8 0.29 0.271 0.007 0.3309 0.0013 2330.9 58.92 43,035 164 1.017 0.00267 42,979 164
167,000 301.034 0.192 0.390 0.004 0.336 0.0015 792 8.53 44,287 219 1.008 0.00281 44,117 219
193,000 612.42 0.275 0.240 0.006 0.3395 0.0013 2654.1 72.22 44,444 174 1.017 0.00263 44,394 174
215,000 330.759 0.2 0.553 0.031 0.3532 0.0014 646.8 36.18 47,031 206 1.01 0.00282 46,812 209
225,000 537.129 0.295 1.247 0.014 0.3648 0.0014 480.3 5.73 48,713 205 1.015 0.00279 48,410 211
228,000 319.361 0.159 0.398 0.008 0.3762 0.0015 921.8 18.78 50,999 213 1.009 0.00276 50,836 215
230,000 300.241 0.191 0.838 0.033 0.384 0.0017 420.8 16.65 52,327 269 1.009 0.00287 51,960 274
235,000 224.135 0.122 0.250 0.023 0.4072 0.0017 1118.4 101.68 56,846 276 1.004 0.00298 56,699 277
240,000 375.277 0.219 0.937 0.003 0.4202 0.0022 514.2 3.2 57,771 368 1.025 0.00285 57,449 371
256,000 209.07 0.104 0.691 0.019 0.4249 0.0017 393.2 10.86 60,592 295 0.997 0.00292 60,153 302
272,000 262.334 0.164 0.286 0.014 0.4445 0.002 1247.8 61.52 62,474 334 1.022 0.00293 62,333 335
288,000 338.949 0.155 0.361 0.006 0.4485 0.0018 1286.4 23.23 63,164 299 1.023 0.00288 63,026 300
309,000 535.342 0.255 0.672 0.010 0.4554 0.0018 1108.7 17.08 63,540 277 1.036 0.00276 63,379 276
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Fig. 2. Age model for samples utilized in this study, stalagmite a) AB-DC-01, b) AB-DC-03, and c) AB-DC-12. The age model for each stalagmite was calculated using the COPRA
program from Breitenbach et al. (2012).
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concentration of approximately 4 ppm Ca and were analyzed with
standards of similar concentration and matrix.
5. Results

5.1. U-Th geochronometry

The U-Th age date results for stalagmites AB-DC-01, 03, and 12
are presented in Table 1aec and Fig. 2. Previously, 20 U-Th age dates
were acquired for stalagmite AB-DC-09 (Arienzo et al., 2015) and
the results are included in Supplementary Table 1. The average
error of the age determinations was ±250 years. The age model for
each speleothem was calculated using the Constructing Proxy-
Records from Age models (COPRA) program from Breitenbach
et al. (2012) (Fig. 2). The age model was calculated in MATLAB®

using the Piecewise Cubic Hermite Interpolating Polynomial
(PCHIP) and 2000 Monte Carlo simulations to assign a precise
timescale (Breitenbach et al. 2012).

The stalagmites formed between 63.8 and 13.8 kyr BPwith a gap
in the record between 36.1 and 32 kyr BP. Stalagmite AB-DC-12 was
the oldest stalagmite analyzed and formed between 63.8 and 36.1
kyr BP (Fig. 2c). We note that no additional stalagmite overlaps this
period therefore was not replicated. Stalagmite AB-DC-01 formed
between 28.9 and 23.7 kyr BP (Fig. 2). The U-Th age from the top of
this stalagmite consisted of a larger error (24,604 ± 755 yr BP),
producing an error in the age model of ~ ±1000 years from 24.6 to
23.7 kyr BP (Fig. 2a). For stalagmite AB-DC-01, the ages for this
stalagmite were derived from the top 4.5 cm of the sample
(Table 1). As a result of minimal isotopic variability towards the
base of the stalagmite, additional age dates were not pursued for
this sample and therefore results in an increased age model error
towards the base of the stalagmite (Fig. 2a). Stalagmite AB-DC-03
formed between 15.7 and 14.3 kyr BP and the age model exhibi-
ted an increased error from 15 to 14.6 kyr BP of ~ ±450 years driven
by the age acquired at 14,762 ± 98 years which was offset from the
age model (Fig. 2b). Such an offset may be due to variations in the
initial 230Th value as the stalagmite was forming (Arienzo et al.,
2015; Cross et al., 2015). Stalagmite AB-DC-09 overlaps with sta-
lagmites AB-DC-01 and AB-DC-03 and formed between 32 and 13.8
kyr BP (Arienzo et al., 2015) (Fig. 3). When comparing the
geochemical results between stalagmites, there may be associated
offsets between stalagmites because of the errors on the age
models and this is discussed further in section 5.2.
5.2. Carbon and oxygen isotopes

The measured d18Oc and d13Cc values are plotted in Fig. 3 a and b
versus the age model determined from the COPRA program. The
d18Oc values decreased from ~�1 to�4‰ VPDB between 62 and 37
kyr BP followed by an increasing trend from 30 to 15 kyr BP
(to�0.8‰ VPDB) (Fig. 3). Stalagmite AB-DC-12 hadmaximum d13Cc
and d18Oc values at 62.5 ± 0.3 kyr BP with positive d13Cc and d18Oc



Fig. 3. Geochemical results for stalagmite AB-DC-01 (blue), AB-DC-03 (red), AB-DC-09 (dark green) and AB-DC-12 (dark purple). The d18Oc (a) and d13Cc (b) records of the carbonate
demonstrate increasing values associated with Heinrich stadials 1e6. The Mg/Ca ratio (c) increases for AB-DC-01 (blue) and AB-DC-03 (red) across Heinrich stadials while the Sr/Ca
ratio (d) remains relatively constant for all samples. The gray bars represent Heinrich stadials 1e6, with minimal variation in the geochemistry across Heinrich stadial 5a. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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values at 39.7 ± 0.2 kyr BP and a minor increase at 46.5 ± 0.2 kyr BP.
Increased d13Cc and d18Oc values for AB-DC-01 were observed be-
tween 26.4 and 23.6 ± 0.8 kyr BP and for AB-DC-03 d13Cc and d18Oc

values increased at 15.5 ± 0.5 kyr BP. The d13Cc and d18Oc record
from AB-DC-09 also showed increased values at 15 ± 0.2 and
24.5 ± 0.2 kyr BP and a minor increase in d18Oc at 31.6 ± 1 kyr BP
(Arienzo et al., 2015). The timing of the increased isotopic values
observed from stalagmite AB-DC-09 are offset from stalagmites AB-
DC-01 and AB-DC-03. AB-DC-09 contained increased d18Oc values
at 15 ± 0.2 kyr BP, ~500 years offset from the increased d18Oc values
observed at 15.5 ± 0.5 kyr BP from stalagmite AB-DC-03. This dif-
ference however is within the error of the age models. Increased
d18Oc values at 24.5 ± 0.2 kyr BP from AB-DC-09 are also offset from
the increased d18Oc values observed between 26.4 and 23.6 ± 0.8
kyr BP from stalagmite AB-DC-01. This difference is potentially
because of the increased error on the age at 24,604 ± 755 yr BP for
AB-DC-01 (Fig. 2). Overall, the timing of the isotopic changes from
AB-DC-01 and AB-DC-03 when compared to AB-DC-09 are within
the error of the age models and the amount of change in the d18Oc
values between overlapping stalagmites were similar (Fig. 3).

For speleothems AB-DC-01, -03, and �12, the Hendy test was
conducted at one mm increments using a hand drill to sample
laterally outwards from the central growth axis. Results demon-
strated only a minimal increase from the center of the stalagmite
outwards for d13Cc and d18Oc values for all the stalagmites
(Supplementary Fig. 2).

5.3. Minor elements

The Mg/Ca and Sr/Ca ratios are plotted versus age (Fig. 3 c and



Fig. 4. Cross plots of Mg/Ca ratios, Sr/Ca ratios and d13Cc values from samples AB-DC-
01 (blue), AB-DC-03 (red), AB-DC-09 (green) and AB-DC-12 (purple). Shown with a
least squares linear regression and the coefficient of determination. Significant re-
lationships were observed for samples AB-DC-01 and AB-DC-03 for Mg/Ca ratios and
d13Cc values. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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d). The Mg/Ca ratios varied between 10 and 34 mmol mol�1 with
the exception of AB-DC-12, which ranged from 1.8 to
12 mmol mol�1 (Fig. 3 c). The Sr/Ca ratios ranged between 0.87 and
4.3 mmol mol�1 (Fig. 3 d). For sample AB-DC-09, increased Mg/Ca
ratios were observed from 25.5 to 20 kyr BP, and from 31.7 to 30.7
kyr BP. There was no evidence in any of the stalagmites for a sig-
nificant correlation between Sr/Ca and Mg/Ca ratios (Fig. 4). We
observed a positive correlation between Mg/Ca ratios and d13Cc

values (r2 ¼ 0.8, p < 0.01) from AB-DC-01 and AB-DC-03, but no
significant correlation was found in AB-DC-09 or AB-DC-12 (Fig. 4).
During the period of slow growth in stalagmite AB-DC-12, from
46.5 to 58.0 kyr BP, there does appear to be a slight anti-correlation
between Mg/Ca ratios and d13Cc values, however this was not sig-
nificant. In addition, no statistically significant correlation was
observed between Sr/Ca ratios and d13Cc values (Fig. 4).

6. Discussion

6.1. What controls variations in oxygen and carbon isotopes?

The increased d13Cc and d18Oc values between ~62.5 and
60 ± 0.3, 48.5 to 46.5 ± 0.2, 40 to 38.5 ± 0.2, 31.7 to 30.5 ± 1, 25.5 to
23.6 ± 0.8 and 16.9 to 15 ± 0.5 kyr BP were associated with Heinrich
stadials 1e6 (Fig. 5). The more negative d13Cc and d18Oc values were
associated with D/O interstadials 3, 4, 8 to 12, and 16 to 18 and are
on the order of ~0.5‰ (D/O stadial 4, 8, 9, 11, and 17) to ~1‰ (D/O
stadial 3, 10, 12, 16, and 18) lower than preceding d18Oc and d13Cc
values (Fig. 5). These changes in isotopic values are not as signifi-
cant as those associated with Heinrich stadials.

The interpretation that changes in the d13Cc and d18Oc values
were driven by climatic events is geochemically supported by the
fact that multiple speleothems from the same cave record similar
isotopic change during overlapping time intervals and the timing of
the isotopic variations agree within the errors on the age models.
Between 63.8 and 36.1 kyr BP there is only one record and therefore
this period was not replicated. However given the similarities to
other stalagmites, we propose the geochemical changes observed
in AB-DC-12 are driven by climate.

Previous work using fluid inclusion isotopes indicated that the
d18Oc values of the carbonate in AB-DC-09 stalagmite were pri-
marily driven by temperature, rather than a change in the d18O of
the source water, with an average temperature decline of ~4 �C
across Heinrich stadials 1e3 (Arienzo et al., 2015). While no addi-
tional analyses were carried out as a result of the large amount of
material needed for the fluid inclusion analysis, previous analyses
demonstrate the d18Ow values across Heinrich stadials 1e3 did not
significantly vary (Arienzo et al., 2015), and the records presented
here exhibit similar d18Oc increases across Heinrich stadials (Fig. 5)
supporting a similar temperature decline for all six Heinrich sta-
dials. Conversely, the D/O interstadials are characterized by lower
d18Oc values which therefore may be driven by a temperature in-
crease or by changes in the d18Ow value of the drip water. When AB-
DC-12 ceased forming, the d18Oc value was on average ~ �3.7‰
VPDB and the younger samples showed more positive d18Oc values
(Fig. 3 a). This may be a result of differences in the drip water d18Ow
values, water flow paths, or temperature variations within the cave.
The interpretation of the carbon isotope record is inherently com-
plex and therefore will be compared to the minor element results.

6.2. Minor elements: records of precipitation amount

Changes in Mg/Ca ratios of stalagmites are thought to arise from
variations in Mg concentration of the bedrock, water/rock in-
teractions, PCP, and temperature (Fairchild and Treble, 2009). In
contrast to the shallower samples, AB-DC-01 and AB-DC-03
collected from 33.5 and 34.4 m below sea level, showed a high
degree of correlation between Mg/Ca ratios and d13Cc values
(r2 ¼ 0.8, p < 0.01, Fig. 4). Previous studies showed that dolomite
was present on Abaco Island ~24 m below the surface (Kaldi and
Gidman, 1982) and the two stalagmites (AB-DC-01 and AB-DC-
03) with a high correlation between Mg/Ca and d13Cc values were
located within this depth interval. Other studies on speleothems
formingwithin dolomitic bedrock have demonstrated elevatedMg/
Ca ratios and periods of lowered flow rates further elevated Mg/Ca
ratios (Fairchild et al., 2000). The periods of higherMg/Ca ratios and
d13Cc values for stalagmites AB-DC-01 and AB-DC-03 were also
associated with periods of decreased growth rates as indicated by



Fig. 5. Compilation of Atlantic paleo-records. NGRIP ice core d18O values (a) from Wolff et al. (2010) in green. Excess 231Pa/230Th (Pa/Th) in blue (b) from Bermuda Rise sediment
core, axis reversed (Henry et al., 2016). Excess 231Pa/230Th is a proxy of AMOC strength, with increased Pa/Th indicating a reduced AMOC (Henry et al., 2016). Alkenone derived SST
record from the Bermuda Rise (c) from Sachs and Lehman (1999), plotted in gray. Oxygen isotopes (d) from four Bahamas stalagmites (same as Fig. 3 a) plotted with the axis
reversed. Stalagmite AB-DC-01 in blue, AB-DC-03 in red, AB-DC-09 in green, and AB-DC-12 in purple. The circles correspond to the U-Th dates for each of the stalagmite samples.
Cariaco Basin reflectance data (e) in black from Deplazes et al. (2013), plotted with a 50 point running average and published tie points shown in black triangles. (f) Pacupahuain
cave d18O calcite record from South America in red (Kanner et al., 2012) with U-Th dates in red squares. (g) CH4 record in orange from the WAIS ice core from Rhodes et al. (2015) in
orange. Each record is plotted on its own timescale. The gray bars represent the timing of Heinrich stadials (HS) and the numbers represent interstadials. The dotted boxes indicate
the regions shown in Fig. 6. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the U-Th agemodels (Fig. 2). From these results we propose that the
elevated Mg/Ca ratios and d13Cc values were likely driven by
enhanced aridity which resulted in a reduction in the flow rate and
increased water/rock interactions.
The periods of elevated Mg/Ca ratios and d13Cc values for both

stalagmites AB-DC-01 and AB-DC-03 are coincident with Heinrich
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stadials 1 and 2 suggesting that Heinrich stadials 1 and 2 in the
Bahamaswere potentially characterized by increased aridity as well
as decreased temperature. The Mg/Ca ratios and d13Cc values for
AB-DC-09 and AB-DC-12, did not show statistically significant
correlations (Fig. 4a), although AB-DC-09 and AB-DC-12 exhibit
increased d13Cc values across Heinrich stadials 1e6. We therefore
tentatively propose the increased d13Cc values across Heinrich
stadials 1e6 were potentially driven by increased aridity resulting
in increased water/rock interactions and a lower biogenic CO2
component of the DIC (Genty et al., 2003) in the Bahamas
stalagmites.

In the case of AB-DC-09, increased Mg/Ca ratios were observed
from 25.5 to 20 kyr BP and 31.7 to 30.7 kyr BP. These variations in
the Mg/Ca record may in part be related to changes in the flow path
of the water during periods of decreased flow rates (Fairchild and
Treble, 2009). The overall lower Mg/Ca ratios in speleothem AB-
DC-12 might be related to the fact that this stalagmite was the
shallowest stalagmite collected, and therefore experienced lower
amounts of water/rock interactions.

In contrast to Mg, the concentration of Sr remains relatively
invariant inmost of the stalagmites across Heinrich and D/O events.
However, both stalagmites AB-DC-09 and AB-DC-03 exhibited
higher Sr/Ca ratios starting at approximately 14.6 kyr BP. This has
been interpreted as a period of higher amount of rainfall based on
fluid inclusion d18Ow and d18Oc values (Arienzo et al., 2015). This
possibly suggests that during wetter periods, the flow paths for the
drip water changed, resulting in a greater Sr bedrock signature
(Tooth and Fairchild, 2003). Some studies have also demonstrated
that the incorporation of Sr in stalagmites can be influenced by
variations in the growth rates (Huang and Fairchild, 2001; Lorens,
1981).

When analyzing for PCP, typically most studies utilized the
covariability of Mg/Ca and Sr/Ca ratios (Fairchild and Treble, 2009;
Treble et al., 2015). From the Mg/Ca and Sr/Ca ratios for the sta-
lagmites analyzed here (Fig. 4c), we found no evidence of a sig-
nificant relationship between the two ratios. This is in contrast to
observations from other caves, in which Mg/Ca and Sr/Ca ratios
typically co-vary (Fairchild and Treble, 2009). Therefore, we pro-
pose PCP is not a major driver of the trace element variability of
these stalagmites.

7. Interpretation of paleoclimate results: comparison with
Atlantic proxies

7.1. Heinrich stadials

The higher d13Cc and d18Oc values across Heinrich stadials 1e6
from the Bahamas stalagmites are shown to be in good agreement
with other paleoproxies (Fig. 5) (Arienzo et al., 2015; Deplazes et al.,
2013; Kanner et al., 2012; Peterson et al., 2000; Wang et al., 2001).
The geochemical records from stalagmites presented in this paper,
and from other proxies from the subtropical/tropical western
Atlantic indicate that cooling occurred associated with Heinrich
stadials (Arienzo et al., 2015; Grauel et al., 2016; Hagen and
Keigwin, 2002; Hodell et al., 2012; Keigwin and Jones, 1994). The
alkenone-derived sea surface temperature (SST) record from
Bermuda (Fig. 1) showed a 3 to 5 �C decline in SSTs during Heinrich
stadials thought to be driven by a reduction in the AMOC (Fig. 5 c)
(Sachs and Lehman, 1999) which is supported by paleoproxies
sensitive to AMOC strength (Henry et al., 2016, Fig. 5b). The
Bahamas records suggest that an average ~4 �C decline occurred in
the Bahamas across Heinrich stadials (Arienzo et al., 2015) which
may be driven by a reduction in AMOC or due to associated in-
creases in dust aerosols or clouds, which are a potential positive
feedback on tropical Atlantic temperature (Murphy et al., 2014;
Yuan et al., 2016).
In the Bahamas, the decline in temperature was likely accom-

panied by a decrease in the amount of precipitation during Heinrich
stadials. Hosing experiments in modelling studies have proposed
minimal changes in precipitation for this region (Clement and
Peterson, 2008; Murphy et al., 2014; Zhang and Delworth, 2005).
Yet further south of the Bahamas, records of stable isotopes, gyp-
sum hydrationwaters, and clumped isotopes fromGuatemala show
temperatures declined during Heinrich stadials by 5e10 �C relative
to the Holocene and aridity increased (Escobar et al., 2012; Grauel
et al., 2016; Hodell et al., 2012). The sediment core records from
Cariaco Basin also support an increased aridity during Heinrich
stadials (Fig. 5 e) (Deplazes et al., 2013; Peterson et al., 2000). The
increased aridity associated with Heinrich stadials in the Bahamas
was potentially driven by reduced AMOC in the North Atlantic, an
expanded Bermuda High and a southerly shifted ITCZ (Deplazes
et al., 2013; Grauel et al., 2016; Hodell et al., 2012).

When comparing between various records from the Atlantic, the
differences between Heinrich stadials becomes evident. The
Bahamas and Guatemala records both support Heinrich stadial 1
was the most extreme event (Escobar et al., 2012; Grauel et al.,
2016; Hodell et al., 2012). The Bahamas records also showed sig-
nificant geochemical variations associated with Heinrich stadials 2,
4 and 6. Heinrich stadials 1, 2, 4 and 5 were potentially sourced
from the Hudson Straits (Hemming, 2004; Hodell et al., 2008) and
were characterized by the greatest AMOC reductions (Fig. 5 b)
(Henry et al., 2016). Conversely, Heinrich stadials 3, 5 and 5a were
not well defined events in the geochemistry of the Bahamas re-
cords. This may in part be because of the reduced growth rate
during Heinrich stadials 5 and 5a. However, the Cariaco Basin re-
cord also demonstrated a minimal response to Heinrich stadial 3
and 5a (Deplazes et al., 2013), both of which have a mixed North
Atlantic provenance (Hodell et al., 2008; Rhodes et al., 2015). In
addition, Heinrich stadial 3 does not exhibit a significant change in
AMOC strength (Henry et al., 2016). Such differences between
Heinrich stadials and the observed agreement between various
paleoclimate proxies support the strength of the AMOC and the
source of freshwater to the North Atlantic were important param-
eters for the global propagation of stadial events (Hemming, 2004;
Rhodes et al., 2015; Henry et al., 2016).

7.2. Interstadials

The more negative d13Cc and d18Oc values from the Bahamas
stalagmites associated with D/O interstadials 3, 4, 8 to 12, and 16 to
18, occur coincident with other records such as Greenland ice cores
(Wolff et al., 2010), Cariaco Basin (Deplazes et al., 2013) and South
American speleothems (Kanner et al., 2012) (Fig. 5). The more
negative d13Cc and d18Oc values (Fig. 5 d) suggest warmer and/or
wetter conditions for the Bahamas during interstadials and are in
agreement with proxy data from the Cariaco Basin sediments. The
Cariaco sediment records support a wetter climate across D/O in-
terstadials thought to be driven by the northerly shift in the ITCZ
during interstadials (Fig. 5 e) (Deplazes et al., 2013; Peterson et al.,
2000), and warmer SSTs in the Northern Hemisphere, as supported
by the Bermuda Rise record (Sachs and Lehman, 1999; Wolff et al.,
2010) (Fig. 5 a and c).

The NGRIP and Bermuda Rise records demonstrated a charac-
teristic saw-tooth pattern during D/O events, with rapidly
increasing temperatures followed by a steady decline (Fig. 5 a and
c). This pattern was particularly evident from the NGRIP dataset for
D/O interstadials 8, 10, 11, and 12 (Fig. 5 a). Deplazes et al. (2013)
noted that the Cariaco Basin record does not contain the saw-
tooth pattern for D/O cycles observed at higher latitudes which
was also not observed in this study (Figs. 5 and 6), rather the



Fig. 6. Compilation of Atlantic paleo-records over Heinrich stadials 4 (left), 5 (middle) and 6 (right). Oxygen isotopes from AB-DC-12 in purple with the axis reversed. Cariaco Basin
reflectance data in black from Deplazes et al. (2013), plotted with a 50 point running average. CH4 record in orange from the WAIS ice core from Rhodes et al. (2015). Each record is
plotted on its own timescale. U-Th ages for AB-DC-12 are shown as purple circles and the published tie points for the Cariaco Basin record are shown as black triangles at the top of
the figure with published errors (Deplazes et al., 2013). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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transitions to D/O interstadials appear to be more gradual than the
higher latitude records. In the Bahamas, the minimal isotopic shift
associated with D/O events may be driven by a reduced climate
response in the Bahamas to D/O events possibly a result of the
mechanism that propagates the D/O events globally (Deplazes
et al., 2013; Li et al., 2010; Menviel et al., 2014).
7.3. Centennial scale

The Cariaco Basin record from Deplazes et al. (2013) and the
Bahamas records show periods of agreement on the centennial
scale during rapid climate change events. For example, both records
demonstrate a similar increase in the beginning of Heinrich stadial
6 at ~62.3 kyr BP and similar variability within Heinrich stadial 6, D/
O cycles 12 to 9, and at ~44 and 41 kyr BP (Figs. 5 and 6). Similar
centennial scale variability was observed in the Pacupahuain oxy-
gen isotope record (Kanner et al., 2012) as well as the methane
(CH4) record from the West Antarctic Ice Sheet (WAIS) Divide ice
core (Rhodes et al., 2015), particularly associated with the onset of
the stadial events (Fig. 6). The Bahamas stalagmite AB-DC-12
exhibited a reduced growth rate from 58 to 48 kyr BP which
makes comparisons to this record difficult over this time period
(Fig. 5). We also note that discrepancies do exist, for example a
decrease in the Bahamas d18Oc record at ~38 kyr BP while the
Cariaco Basin shows no changes. However, such centennial scale
agreements may potentially be linked to variations in the Northern
Hemisphere high latitude climate, iceberg discharge or AMOC
variations which is supported by the observed agreement across
several paleoproxies. To more fully understand the mechanistic
linkages resulting in such coherence, additional high resolution,
absolutely dated paleoclimate records from the low latitudes are
needed to further confirm the cohesiveness of this regional signal.
8. Conclusions

Through the application of various geochemical proxies on
multiple speleothems forming over the last 64,000 years, millen-
nial climate variations have been resolved, including Heinrich sta-
dials 1 to 6. From the analysis of the carbon and oxygen isotopes,
higher values were associated with Heinrich stadials 1e6. The d18Oc
recordwas proposed to be a result of lower temperatures across the
stadial events (Arienzo et al., 2015). The minor element data
showed higher water/rock interactions during Heinrich stadials
based on co-varying Mg/Ca ratios and d13Cc values from two sta-
lagmites. Covariation was proposed to be a result of reduced flow
rates in the epikarst driven by a more arid climate associated with
Heinrich stadials. All stalagmites show increased d13Cc values
associated with Heinrich stadials attributed to enhanced aridity.

Through comparisons to paleoclimate record from the Atlantic,
we showed the observed climatic changes are driven by largescale
shifts in the climate system driven by the AMOC. The robust rela-
tionship between tropical paleoclimate records from the Bahamas,
Cariaco Basin and Guatemala supports the influence of climate
variation in the high latitude Northern Hemisphere on the tropics
on the millennial to centennial scale. During Heinrich stadials,
reduced SSTs, a southerly shifted ITCZ, and expanded Bermuda
High resulted in lower temperatures and enhanced aridity. The
variations in the geochemical response associated with each
Heinrich stadial supports the AMOC reduction and the source of
freshwater to the North Atlantic are both important parameters for
the global propagation of the stadial events. During D/O in-
terstadials, lower d13Cc and d18Oc values were thought to be a result
of warmer and/or wetter climate; however the isotopic shifts were
not as significant as the isotopic excursions associated with Hein-
rich stadials, possibly indicating D/O events were not significant
climate events in the Bahamas or the events were not well recorded
in speleothem geochemistry.
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