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Abstract

We have revisited the well-trod VM28-122 retrieved from the deep Colombian Basin, which
includes sediments that reflect modern Upper North Atlantic Deep water and extends through the
last deglaciation into the last glacial period when the site was bathed in Glacial North Atlantic
Intermediate Water. Here, we leverage the Cariaco Basin’s surface water radiocarbon
reconstruction (reservoir age, and AR) on the IntCal20 timescale to recast the period of the last
deglaciation with a newly constrained age model. Based on the revised age model, we observe that
the multi-millennial decrease in benthic 6'3C and B/Ca (which record 8'3C of dissolved inorganic
carbon and A[CO;72], respectively) began at 18100+240 (95% CI) calibrated (cal) years BP,

synchronous with Termination 1, as identified by changes in the Antarctic Ice Sheet composite
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and by the onset of rapid glacier recession in the Southern Hemisphere (Denton et al., 2010; Denton
et al., 2021). The beginning of the decrease in benthic &0 is concurrent with the changes in
carbon chemistry or at most a few hundred years later. It is no later than 17700+300 (95% CI) yrs
BP in our record, at the putative start of Heinrich Stadial 1. With sufficient data density (more than
2-3 control points per kyr) and an independent record of past surface water radiocarbon variations,
it is possible to achieve late glacial and deglacial chronologies with fidelities similar to those of
ice cores. Doing so in more oceanographic locations should shed light more broadly on the

mechanisms instrumental to abrupt climate change.
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Introduction

In an ideal world we would have independent age-models with sufficient accuracy and
fidelity as to unambiguously determine the phasing of the mechanistic processes and responses
leading up to and through deglaciation. Unfortunately, the construction of many marine sediment
age models is fraught with uncertainty. For example, accumulation rate changes imparted by
depositional processes convolved with bioturbation (e.g., Ruddiman and Glover 1972) can lead to
unanticipated results, even in rapidly accumulating sediments (Keigwin and Guilderson, 2009).
The inherent uncertainty in converting radiocarbon years to calibrated ages can be exacerbated
when samples are taken from non-atmospheric reservoirs, such as the surface ocean, which barring
additional information (e.g., Bard et al. 1994) require assumptions of the constancy of the offset
between the surface ocean and atmosphere (Stuiver and Reimer 1993; Guilderson et al., 2005a
among many).

Isotope and element sediment-based reconstructions are used to test the output of coupled
ocean-atmosphere models and to distinguish between various plausible interpretations based
strictly on, e.g., basin geometry of benthic isotopes and related tracers and different overturning
rates of the largescale buoyancy driven circulation. Suitable independent chronologies with
sufficient fidelity are particularly necessary during the transition between states (e.g., last glacial
vs modern circulation) where it is difficult to discern actual lead/lags of proxies (tracers) which
imply a mechanistic process, with that imparted by the (deep-ocean) equilibration time of the
proxies (tracers) themselves (Friedrich and Timmermann, 2012; Wunsch and Heimbach, 2008).
Deep-water ventilation pathways and transit times, mixing, and entrainment present opportunities

and challenges to many paleoceanographic studies. Simply, diachrony in paleotracer fields in the
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deep open ocean’s basins may be the norm, but without a sufficient geochronological framework
we cannot know for sure.

Deep-waters of the Caribbean Sea are derived from UNADW at the ~1750m sill depths of
the Anegada and Windward Passages within the potential density range of 27.7 and 27.8 kg-m™
(Gordon, 1967; Wiist, 1963). Modern UNADW, a combination of Iceland Sea Overflow and
Labrador Sea Waters, transits from where it is formed in the North Atlantic to the low latitudes of
the Atlantic (e.g., Steinfeldt et al., 2007) in a few decades (Smethie et al., 2000), with dilution
factors approaching a factor of five (Steinfeldt et al., 2007). While studies of the distribution of
3H and CFC along the western boundary indicate that waters impinging on and flowing over the
sill are rich in transient tracers, Caribbean deep-water CFC concentrations are low (cf.,

A22 316N151 4: https://cchdo.ucsd.edu/cruise/316N151_4; and O6MTS3 3:

https://cchdo.ucsd.edu/cruise/06MT200206). These observations are consistent with the seminal
study of (Gordon, 1967) who, based on property distributions and geostrophic estimates, estimated
sluggish circulation at depth and hypothesized that deep-water renewal occurred sporadically but
sufficiently frequently to maintain oxygen concentrations (see also Wiist, 1963). Low CFCs,
indicative of mixing with CFC-free water, precludes a precise transit time distribution estimate:
the age distribution is dominated by the influence of CFC-free water yielding a long age tail
(Waugh, 2003).

Radium and radiocarbon measurements of water from the deep Colombian and Venezuelan
Basins suggest renewal times between 50 and 400 years (Szabo et al., 1967), consistent with
renewal times hypothesized by Gordon (1967). Late Holocene (~2800 cal yr BP) estimates of A*C
from mixed benthics (-67+12%o) using coeval planktonics to estimate calendar age (Broecker et

al., 1988, 1990) are indistinguishable from modern western boundary UNADW A'#C (4-25°N: -
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78+2 standard error of the mean, n=12: Broecker and Olson 1961), supportive of comparatively
rapid mixing.

Based on present day rapid (decadal scale) transit from the high North Atlantic, and
comparatively ‘rapid’ renewal, we revisit and expand upon the isotopic record of VM28-122
(Oppo & Fairbanks, 1987) from the deep Colombian Basin. To account for variability in surface
ocean radiocarbon during the deglacial, we leverage the Cariaco Basin’s planktonic radiocarbon
data to estimate a regional AR. We directly compare the isotopic signature of ocean reorganization
recorded in the Caribbean Sea (as Glacial North Atlantic Intermediate Water, GNAIW) during the
last deglaciation with high latitude climate as reflected in Greenland and Antarctic ice cores. We
do not expect our records to record whole basin changes, but being on the western boundary, we
should capture the leading edge, with respect to time, of changes associated with the transition

between glacial and modern states.

Methods:

VM28-122 from the Colombian Basin of the Caribbean Sea (Figure 1), collected on New
Year’s Day 1971 in 3623 meters water depth, is foraminiferal marl and marl ooze. Carbonate
preservation, as reflected by the presence of pteropod fragments noted by the lead author and
others, is quite good. Due to the rich history of the core, the B-working half had been heavily
sampled, making it difficult to sample at high frequency. Thus, sub-samples (~3cc) of the A-
archive half were sectioned from 55 to 110 cm at nearly continuous 1 cm intervals at the Lamont
Doherty Earth Observatory Core Repository. Edges and sides that might have been contaminated
in the process of retrieval or previous sampling were shaved off of each sample and discarded

(~the outer 3-4 mm). Samples were disaggregated in hot Calgon and washed through a 63 micron
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sieve using deionized water. Additional material was contributed from excess washed, >63 micron
material from B-working half samples previously reported on by (Oppo and Fairbanks, 1987),

including one picked mixed benthic sample from 24-25cm.

Benthic foraminifera stable isotope analyses

Stable isotope analyses were made on C. wullerstorfi (2-6 individuals, ~100pug) isolated
from the >250 micron size fraction, sonicated in methanol, dried, and roasted in vacuo at 350°C.
Samples and NBS-20 standards were reacted at 90°C in a Carousel-48 common acid bath device
and analyzed on a Finnigan MAT 251 isotope ratio mass spectrometer at the Lamont-Doherty
Earth Observatory of Columbia University. Calibration of the reference gas was made by direct
comparison to NIST SRM 16 and 17. Results were reported in conventional per mil notation
relative to Pee Dee Belemnite using the defined value of NBS-20 (8'0 = 4.14%o; 8'3C = -1.06
%o0). Analytical precision of concurrently analyzed, and similarly sized standards was +0.07%o and

+ 0.05%o (1-sigma sd) for oxygen and carbon respectively.

Radiocarbon analyses and age model

Radiocarbon analyses were made on monospecific Gs. ruber (white variety) isolated from
the 250-355 micron size fraction according to the description presented in (Guilderson et al.,
2003). Foraminifera samples (~8mg of carbonate) were sonicated 2-3 times in methanol and then
dried. Prior to hydrolysis in vacuo, samples were leached in weak HCI, rinsed in MQ, and dried
on a heating block. Results were reported using the nomenclature and standardization presented in
(Stuiver and Polach, 1977) including a background subtraction based on '*C-free calcite

(F'*C=0.0014+0.0002 one-sigma sd, n=8) and sample specific 8'3C analyses (Schmidt et al.,
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2004). Consistency of results was monitored by analyzing aliquots of an unleached turbidite

process standard (F!C = 0.1045+0.0006 one-sigma sd, n=5) and three pairs of replicates.

Because of their close proximity and common surface water, the modern reservoir age of
the Colombian Basin is similar to that of the Cariaco Basin (Wagner et al., 2009). Pre-bomb data
(Hughen et al. 2004; Guilderson et al., 2005b; Wagner et al. 2009) were averaged into 5 year bins,
compared to Marine20 (Heaton et al., 2020), and used to derive a modern reservoir correction (AR)
of -160 +30 years (one-sigma sd). This uncertainty is smaller than the uncertainty in the marine
model (60 years). However, to avoid underestimating the uncertainty in Holocene AR, we decided
to use the 60-year one sigma standard deviation in the Marine20 rather than our calculated value.
There were not sufficient benthic foraminifers in the A-archive samples for deep-water '“C
estimates so we only analyzed a single sample of mixed benthic foraminifers from 24-25 cm from

the Oppo archived samples.

Although the zeroeth order assumption is constancy of low latitude, non-upwelling region
reservoir ages (e.g., Bard 1988), subsequent to the establishment of the Cariaco '*C timeseries and
inconsistent with an assumption of constant reservoir age through time, it has been demonstrably
proven that the reservoir age in the Western Atlantic including the Cariaco Basin, and we surmise
the Caribbean Sea, precipitously dropped by ~400 years to a value near 0 years during the few
centuries leading up to the Younger Dryas (Kromer et al., 2004; Muscheler et al., 2008).
Additionally, there is significant reservoir age variability during Heinrich Stadial I, the so-called
Mystery Interval (Adolphi et al., 2017; Hogg et al., 2013; Reimer et al., 2013; Southon et al.,
2012). We therefore used a variable reservoir age correction using the Cariaco basin mixed layer
foraminifera uncorrected radiocarbon record, on the IntCal20 timescale (Hughen and Heaton,

2020), as differenced against the Marine20 model (Heaton et al., 2020). The uncertainty in AR was
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via simple propagation of the uncertainties in the Cariaco data and the Marine20 model. The varved
section was linearly interpolated at 20 years and the massive section at 100 years (see
supplementary file Figure S1). We manually averaged the estimated regional AR using VM28-
122’s raw radiocarbon data and 2-sigma measurement uncertainty to ‘bin” AR as a function of '*C
age and used the larger of the standard deviation of those (AR) values or the mean of the AR
uncertainty of the binned values. Conversion of '“C ages to calibrated years uses the
IntCal/Marine20 calibration curve (Heaton et al., 2020; Reimer et al., 2020) and a Bayseian
modeling approach (Blaauw & Christen, 2011). For the priors, the initial first guess accumulation

rate, 7cm-kyr!, was directly estimated from the core depth vs '“C age after correcting for the ~3%

difference between the Libby and Godwin half-life (Stuiver and Polach, 1977).

We compared our age-model’s uncertainty (see supplementary file Figure S2) to idealized
synthetic age-models created by recasting the Marine20 curve into the depth domain with a 7cm’
kyr! sedimentation rate. The age data as a function of depth (cm) were resampled at constant
intervals of 40, 30, 20, 10, and 5 cm: i.e., an equivalent frequency of 5.7, 4.3, 2.9, 1.4, and 0.7,
The uncorrected radiocarbon ages for each sample from the “core” and their uncertainty as a
function of depth were then used as input in Bacon. For the synthetic experiments we used a AR
of 0+£50 years. We report 95% confidence intervals of the calibrated age ranges. Differences
between median calibrated age and weighted mean calibrated age were, in general, less than a

decade or two.

Results
Stable isotope results as a function of depth are shown in Figure 2. The benthic
foraminifera stable isotope data are, not surprisingly, similar to the benthic '*C and 8'%0 data of

Oppo and Fairbanks (1987). Because of the difference in the respective sampling of dried distorted
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cores from the two separate splits there may be small, variable mismatches in depth between the
two sample sets. We do not attempt adjust the A and B derived data sets. In general, where there
is more than one analysis per sedimentary horizon the §'*C variability is larger than analytical
uncertainty: ten horizons have at least two analyses (three have three analyses) and the average
range per horizon was 0.18%o. This likely reflects a combination of moderate accumulation

convolved with bioturbation and small sample size (# of benthic foraminifers per isotope analysis).

Radiocarbon results, including previously published data, as uncorrected radiocarbon years
before present (BP) are shown in Figure 3. We note that the sample at 89.5 cm reproduced but,
being ~1300 years younger than bracketing samples, is not on the trend as a function of depth. One
of two benthic 8'*C analyses from this horizon is exceptionally low compared with surrounding
samples and benthic 8'80 from both analyses are ~0.5%o lower than bracketing samples. Although
we do not know the cause of these anomalous values, we do not include the data from this horizon
in subsequent analyses and interpretation. Radiocarbon results are consistent with data reported
in Schmidt (Schmidt et al., 2004), but are not completely consistent with data reported by Broecker
(Broecker et al., 1988, 1990). There is no simple explanation for the discrepancy with and within
the Broecker data even accounting for the larger analytical error of those analyses. Calibrated ages
are based strictly on Schmidt’s and our data. The final age-model excludes 'C results between 56
and 65 cm, where, as noted in the core description and photos, the core was visibly bioturbated
and we observed a slight age inversion in our '*C results.

The single mixed benthic analysis at 6410+430 (+95% CI) cal yrs BP had a conventional
benthic-planktonic age difference of 400+36 years. The estimated deep-surface age-corrected A*C

difference was ~ -6%o (1-sigma range: -30 to +20%o).
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The synthetic age-model experiments documented a range of age-model uncertainties as a
function of age control point density, with, in general, the least uncertainty at the control points
(Figure 4). The coarsest age model, one sample every 40cm (5.7%7), has the largest mean
uncertainty: 1170 years (as = 95% confidence interval, i.e., essentially + two-sigma (95.4%)) with
individual uncertainties in excess of 1500 years. Even experiment 4, with an age control point
every 10 cm (1.4%7) had a mean uncertainty of 490 years, with maximum uncertainties nearing
800 years. When there are more frequent control points (every 5 cm and <1000yrs) the mean
uncertainty was 300 years and ranged from 170 to 460 years. Similar synthetic experimental
results, with respect to precision based on control point density, have been observed (Blaauw et
al., 2018).

The uncertainty in VM28-122’s age-model waxes and wanes in concert with the underlying
uncertainty in the calibration curve convolved with the estimated uncertainty in the regional AR
correction. More important, however, is the control point data density. During the Holocene, where
there are few control points, the uncertainty balloons to nearly £700 years. This is in contrast to
the deglacial sequence where, except for the YD through the PreBoreal transition where we have
discounted '*C results in the bioturbated zone, the average uncertainty was ~280 years (+ 95%CI).
The age model in the late glacial (23-20 ky BP), having fewer tie points, had an average uncertainty

of 420 years.

Discussion
The availability and proximity of the Cariaco Basin planktonic *C data on the IntCal20
timescale allows us to avoid a major pitfall that many paleoceanographic studies cannot: namely

having an estimate of the local reservoir age or local AR through time. We constructed two age
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models for VM28-122, one using variable AR from the Cariaco Basin timeseries, and one using a
constant modern AR. Even in this low-latitude location, far away from a major oceanographic
front, the difference between the two age models changes over time in magnitude and direction
and highlights the potential bias (Figure 5). We remind the reader that the age-model does not
include the bioturbated zone which would have captured the reservoir variability leading into the
Younger-Dryas. For the late glacial and most of the deglacial the age model with variable AR is
older than that constructed with constant AR, albeit often captured within 2-sigma uncertainties. It
is worth noting that the bias approaches 800 years at the beginning of the deglaciation and heading
into the “Mystery Interval”, which is outside the 95% CI uncertainties. Such age biases, if present
in other studies’ age-models, hamper deeper understanding of the timing of changes in
paleoceanographic proxies. More importantly, if such biases are wide-spread they may be
problematic in developing a mechanistic framework for understanding the climate system’s
reorganization during the last deglaciation and at other times.

Compared to previous VM28-122 age-models ours differs in two main ways. First, through
the application of time varying AR we have removed up to an 800 year bias in the calibrated age.
Second, with the increased control point density, the 95% CI of the age model is smaller by a factor
of 2-3X. Taking the control points utilized in Yu et al., (2013 and references therein) the age and
uncertainty in their age model (on the IntCal09/Marine09 calibration product) for the post-glacial
B/Ca and [CO3] decrease is between 17700 (108cm) and 17100 (103cm) cal yrs BP, with what we
estimate to be £700-800 year 95% CI uncertainties. On the IntCal20/Marine20 calibration curve,
using the same control points with our variable reservoir age, and within a Bayesian framework,
these same horizons are 18300 and 17600 cal yrs BP, respectively, again with £750 year 95% CI

uncertainties. On our more detailed chronology these two horizons are 18320+220 and 17820+290.
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Although the absolute changes are only 500-800 years, it is noteworthy, however, that the
improved chronology aligns the initial, sharp decreases in §'*C, B/Ca and [COs3] in the Caribbean
more closely with records of warming and ice retreat in the Southern Hemisphere than previously
published chronologies.

The most positive §!*C values in our record occurred during the late glacial (19.8-23.6 kyrs
BP; 128-157cm): +1.17+0.03 %o (standard error of the mean (SEM), n=6). Values during the early
deglacial (18.2-19.8 kyrs BP; 107-125cm) were only slightly less positive (1.10+0.02%0 SEM,
n=6). The §'3C excursion (0.92%o) began at 105.5cm (18100+240). The transition to low values is
not a step function (see supplementary file Figure S3); values decrease over a few thousand years
to a 8'3C minima (singular value of 0.17%o) at 86.5cm (15390+310). Given the data density, if this
singular low value is ‘anomalous’ then, we can say that the lowest values were reached by
15730+350 yr BP (88.5cm, 0.34%o0). At 15300+340 yr BP (86cm) values trended towards more
positive values, preceding the Belling transition as recorded by Greenland ice sheet isotopes.
Neglecting a one-point peak, there is some structure within the Older Dryas/Bolling/Allerod with
values as positive as ~ +0.9%o at 13380+140 yrs BP followed by less positive values heading into
the Younger Dryas. The bioturbated zone (56-65cm), just below a sharp and distinct manganese
oxide horizon (54-56¢cm, supplementary file Figure S4) at ~11200 yrs BP, clouds any view of how
GNAIW properties may have changed within the Younger-Dryas and into the Pre-Boreal

transition.

The most positive 530 values (3.82+0.03%0 SEM, n=6) occurred during the late glacial
(19.8-23.6 kyrsBP), although early deglacial (18.2-19.8 kyrsBP) 6'%0 values (3.68+0.07%0 SEM,

n=6) are not statistically different from the late glacial (t=1.8383, df=10). In this interval there may

be a hint of the deglacial transition, but with our sample resolution, we want to be careful not to
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over interpret one-point peaks. At 17700+300 yrs BP, 8'80 values have decreased in the first of a
canonical two-step deglaciation. Excluding a two-point excursion, 880 values were nearly
constant from 171304260 to 12900+190 yrs BP: 3.17+0.02%0 (SEM, n=32). At 16890 (94.5cm,
this study) and 17130 (97cm, Oppo and Fairbanks, 1987) there are two less positive values, each
~2.75%o. An additional analysis at 97cm from this study was 3.2%o. The lower 8'80 values are
similar to those at 89.5cm where we observed reproducible anomalous '*C results and an
anomalous benthic 5'%0 value. Values elsewhere in the core were not near these values until ~65-
70cm which would seem to discount bioturbation, although deep burrowing has been implicated
in anomalous benthic §'%0 and planktonic *C in sediments of the Brazilian Margin (Lund et al.,
2015; Tessin & Lund, 2013). There was nothing suspicious in the radiocarbon data across this
depth range. The benthic 8'*C values at these levels were consistent with variable 3'3C during the
8!*C minimum excursion and do not appear different than nearby horizons. We also note, that
there does not appear to be anything unduly ‘odd’ across this interval in the planktonic foraminifer
record of (Schmidt et al., 2004). Nearby benthic isotope records from KNR64-5 (Boyle &
Keigwin, 1987) and VM28-127 (Oppo & Fairbanks, 1987), although not as detailed as the updated
VM28-122 record, do not have such features. It would be extraordinary if we had captured discrete
8'80water excursions related to Heinrich layer 1.1 (Hodell et al., 2017), but we do not have sufficient
material for further analyses and investigation. To document 8'%0 excursions during the Heinrich
Intervals, non-proximal records to the ice rafted events themselves, i.e., out of the North Atlantic
“iceberg armada alley” are needed to avoid confounding influences of low 8'0 fine detrital
carbonate intrinsic to the ice rafted detritus (Hodell and Curtis 2008) that is not readily removed
with sonication cleaning (ie., the standard cleaning used for stable isotope analyses) and

dolomitization under the Heinrich layer itself (Hodell et al., 2017) which either separately or
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together can make sedimentary foram tests have lower 8'30 values than they otherwise would. To
clearly define and prove what could be a small, few hundred year difference in 8'3C and 830
recording first a buoyancy driven change in circulation affecting 8'3C rapidly followed by less
positive 8'%0 implying warming and the addition of isotopically low &80 meltwater, these
intriguing but potentially spurious individual 'O values will require better cores than VM28-122

and a detailed and precise assessment of bioturbation and other post-depositional factors in the

construction of the record and its age-model.

The second of the two 3'30 steps occurred at 65 cm, the base of the bioturbated zone, and
at the beginning of the Younger-Dryas. A similar step-like feature toward less positive 5'%0 values
was observed in Gs. ruber isotope data (Schmidt et al., 2004). From the available data it is unclear
if the observed step-like transition is post-depositional and due to bioturbation or if the step
occurred at this precise age. The convolution of bioturbation with a moderate accumulation rate,
such as observed in this core, has the ability to smooth variability and subtly shift timing of smaller
features (supplementary file, Figure S5). With the benefit of hindsight, we should have made
benthic foraminifer census counts to provide a first-blush, qualitative assessment on bioturbation.
The last positive benthic 8'%0 value prior to the bioturbated zone is from 67cm (3.11%o,
13150+150 yrs BP). Regardless of the exact timing, and because the values through this whole

interval are constant (2.61+0.04%o SE, n=8), 8'30 values for GNAIW during the Younger-Dryas

interval include a component of warming and or an influx of low 8'8Owater. 8'30 values are constant
(2.45+0.02, n=8) during the Pre-Boreal and early Holocene (10600-7400 yrs BP) and statistically
different from those of the bioturbated zone (p<0.0001, t=79.69, df=14).

We compared VM28-122’s independent proxies for water-mass properties; benthic stable

isotopes and a reconstruction of [CO3] (Yu et al., 2008, 2010, 2013), to putative ‘reference’ records
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of high latitude Northern and Southern Hemisphere climate as reflected in Greenland and
Antarctica ice cores (Figure 6). During the late glacial and early deglacial the North Greenland
Icesheet GICCO5 age model has two-sigma counting uncertainties of 3-7% (Andersen et al., 2006;
Rasmussen et al., 2006). In practical terms, this is approximately £600 years at 23Kyrs BP and
+400 years during the early deglacial. We used the Antarctic stacked record (ATS3) presented on
a common, volcanic marker synchronized age-model on the WAIS Deep Divide (WD2014)
chronology (Buizert et al., 2018; Sigl et al., 2016). The WAIS Deep Divide chronology was layer
counted with an estimated precision and accuracy of £55 years at 11000 yrs BP and 1% for ages
older than 14500 (Sigl et al., 2016). The structure reflected in the ATS3 composite is accentuated,
particularly in the early deglacial, in the WAIS Deep Divide record reflecting the regional

variations in 8'3Ojcc across Antarctica (Buizert et al., 2018; Chowdhry Beeman et al., 2019).

To gain an understanding how the timing of GNAIW and Antarctic Intermediate Water
(AAIW) signals propagated to 18-20°N and ~11°N respectively during the deglaciation, we
include a benthic foraminifera reconstruction of AAIW 8!*C and nutrient variability as recorded
in M78/1-235-1 from the nearby Tobago Basin (Poggemann et al., 2017)(Figure 1). The Cariaco
reservoir age variability is also observed, albeit at much lower resolution, in the Th/U-'*C data of
Barbados’ reef-building hermatypic corals (Bard et al., 1990; Fairbanks et al., 2005). We therefore
assume that the Cariaco regional AR can be applied to the Tobago radiocarbon data, but it is
unknown if the Cariaco regional AR assessment can be applied beyond the Windward Islands. The
error envelope of the M78/1-235-1 age model averages +530 years during the deglacial: it waxes
to £1160 years where there few control points, and, near control points, wanes to as little as £260

years (supplementary file Figure S6).
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As much as we would wish otherwise, the Tobago basin core’ primary age-control is
insufficient to accurately resolve sub-millennial scale phasing during the deglacial and the
anticipated several hundred years delay between 8'3C changes observed in AAIW versus GNAIW.
The record included a series of slight drops in 8'3C value between the late glacial (22.7-20.4 kyr
BP: 0.93+0.05%0 SEM, n=4), and early deglacial 19.6-17.6 kyr BP (0.83 £0.03%0 SEM, n=5) and
17.4-17.0 kyr BP (0.7440.02%0 SEM, n=3) before 5'3C values precipitously dropped at 320.5 cm
(0.39%0), 16820+400 years BP. Although the difference between the late glacial and early deglacial
is not statistically significant, the difference between the late glacial and 17.4-17.0 ky BP is
(t=3.09, df=5). The age for the start of this interval is 17400+525 yrs BP. Reconstructed AAIW
cadmium concentrations ([Cd]), a proxy for phosphate, indicates that [Cd] jumped significantly
between 18320+540 and 17670+£590 yrs BP, consistent with reintroduction of high-nutrient water
from the deep ocean to intermediate depth circulation. Additional age-control points are required
to better elucidate the phasing between §'°C (and [Cd]) in AAIW and GNAIW &'3C from these

latitudes in the western Atlantic.

The GNAIW &'3C excursion towards more negative values at 181004240 yrs BP in VM28-
122 occurred in concert with B/Ca reconstructed changes in [COs2]. This reflected reorganization
of the deep Atlantic water-masses and was synchronous with the Antarctic ATS3 isotope
composite Termination 1. According to our core, concurrently and at most a few hundred years
later, GNAIW 8'30 began the first of two deglacial steps. Studies and reconstructions of glacial
moraines under the Southern Hemisphere Westerlies in the New Zealand Southern Alps (Barrell
etal., 2019; Putnam et al., 2013) and, to a lesser extent, Patagonia glaciers between 40-50°S (Boex
etal., 2013; Moreno et al., 2015) document several distinct, regionally coherent moraine recessions

early in the deglaciation with timing similar to the two-step pattern we and others have observed
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in water mass properties. In New Zealand, the first of these as documented in the Ohau Valley, at
18210+120 yrs BP (SEM, n=18), is consistent with the shift in GNAIW carbon chemistry tracers
(8'3C and [CO57?]) at Termination 1 in Antarctica. The second, at 17690140 yrs BP (SEM, n=6),
is consistent with a more rapid phase of the Antarctic warming, the onset of increasing atmospheric
carbon dioxide (Chowdhry Beeman et al., 2019), the clear change in GNAIW §'30, and dramatic
nutrient reorganization concurrent with Southern Ocean upwelling driven productivity changes
(Anderson et al., 2009). This is also when Heinrich Stadial 1 began in much of the high North

Atlantic Ocean (Hodell et al., 2017).

After the 8'3Cpenthic minimum, 8'3C values, beginning at 15300+340 yrs BP, trended toward
more positive values and reached peak values at 13380+140 yrs BP. More positive 8'3Chenthic
values are consistent with flushing the interior mid-depths of low 8'*C water during renewed
circulation following the reduction of the Atlantic Meridional Overturning Circulation (AMOC)
during Heinrich Stadial 1 (Ng et al., 2018). Sedimentary Pa/Th, a proxy for ventilation (c.f. Burke
et al.,, 2011), from 2250m on the Brazilian margin implies a more invigorated flow 14000-
13300+550 yrs BP between Heinrich Stadial 1°s and the Younger Dryas’ high Pa/Th indicative of

a less vigorous AMOC (Mulitza et al., 2017: supplementary file, Figure S7).

To avoid giving too much credence to an independent, radiocarbon-based chronology from
a single moderately accumulating sediment core which can be afflicted by bioturbation, we
compared the timing of our isotope reconstruction ‘sampling” GNAIW of the §'3*C minimum at
~18°N in the context of other reconstructed 6'3C changes of Northern Component Water (NCW).
We looked “upstream” at the 3'3C signature recorded south of Iceland on the Reykjanes Ridge at
ODP 984 (61°N, 1650m: Praetorious et al., (2008)) and “downstream” at 27°S and 1820m on the

Brazilian Margin in KNR 159-5 78GGC (Tessin and Lund 2013) (supplementary file Figure S8).
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The initiation of the 8'3C decrease in ODP984 is captured between 341 cm (17860+625 yrs) and
335 c¢m (17400+660 yrs). The intervening low 8'3C value sample at 339 cm (17700 +£625) was
designated by Praetorious et al., as questionable. In 78GGC at the Brazilian Margin the '3C
decrease initiation is defined between 113cm (18250+330) and 109cm (18100+330). The large
uncertainty in the ODP984 age model is the result of low control point density and the reservoir
age (AR) reconstruction uncertainty. 78GGC has low uncertainty in the early deglacial, even with
uncertain reservoir ages because of the density of control points in the core during this interval.
Assigning independent ages to the beginning of the 63C decrease in high latitude North

Atlantic records has not provided such a clear and consistent age as that of VM28-122 and

78GGC.

These and many other observations indicate that there has been a tendency toward
synchrony during past abrupt climate change, implying the atmosphere may be the hand forcing
an oceanographic response across the hemispheres. A recent study has confirmed, over glacial
Dansgaard-Oeschger (DO) cycles, decadal level synchrony of northern high latitude climate with
that of at least three of the tropics’ monsoon systems, physically synchronized through the
migration of the inter-tropical convergence zone (Corrick et al., 2020). The Corrick analysis is
consistent with the atmospheric teleconnection and the Southern Hemisphere ‘trigger’ mechanism
elegantly laid out by Denton (Denton et al., 2021). This study which includes geomorphology of
moraines precisely dated via cosmogenic exposure age analyses, whose interpretation is tested
with Earth system model ensemble-based sensitivity experiments, is able to demonstrate what
happens when the Southern Westerlies move pole/equator-ward. When the westerlies move
poleward they allow the expansion of the Western Pacific warm pool into the Indian Ocean and

the subtropical Pacific. This sets up, via warm water induced convection and a subsequent export
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of latent and sensible heat through the Hadley Cell, an atmospheric teleconnection into the mid
and high latitudes of both hemispheres triggering widespread, synchronous warming and

deglaciation.

The geochronological fidelity provided by multi-proxy layer counted ice cores, and well
dated (**C as well as absolute techniques) terrestrial archives, could be realized in unique
oceanographic locations with suitable depositional settings (e.g., moderate to high sedimentation
rates, where accumulation rates exceed estimated bioturbation effects), where there are
independent reconstructions of the marine reservoir age (or AR), and where there is sufficient
geochronological control to place millennial and sub-millennial scale variability on a rigorous

geochronological framework (>2 dates per kyr).

Conclusions

The vagaries of poor chronological control and imperfect paleo-tracers hamper direct
comparisons of diverse regional paleoceanographic records with each other and with coupled
model simulations which attempt to recreate the ocean’s reorganization during the last
deglaciation, including the repartitioning of carbon between the atmosphere, ocean, and terrestrial
reservoirs. Paleo tracers provide insight into past climate that is invaluable for understanding Earth
systems. However, many tracers are sensitive to more than one process, and the relative influence
of those processes can vary with geography and time. To compare records from different regions
and piece together a narrative that may involve shifts or differences in the processes most

influential on the tracer signal, the chronologies must be robust. This study is an example of one
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of the ways to establish a rigorous chronological framework suitable for exploring mechanisms at
the submillennial scale.

By leveraging the Cariaco Basin’s detailed radiocarbon surface water reconstruction,
which allows us to elucidate changes in surface reservoir age (and AR) and having sufficient age
control (>2-3-kyr! control point density), in a Bayesian framework we have developed a deglacial
chronology for GNAIW paleotracers in VM28-122 with a fidelity, at the 95% confidence level,
similar to the Greenland ice cores. Reorganization of GNAIW inferred from changes in benthic
8!3C and B/Ca a proxy for [CO3%] of the deep Caribbean Sea occurred at 18100+240 cal years BP,
synchronous with Termination 1 documented in the 'O of Antarctic ice, and sustained retreat of
Southern Hemispher mountain glaciers. A change in benthic §'30 in our record is concurrent with
or lags water-mass carbon chemistry tracers by several hundred years. We do not interpret these
changes necessarily as indications of basin-scale changes in paleotracer distribution, but, using the
modern circulation’s rapid transit along the western boundary as our guide, as the leading edge of
the broader reorganization of glacial water masses during the deglaciation.

Unfortunately, we are not able to tightly constrain the timing of the §'80 excursion that we
believe should be during, or at the end of, the Younger Dryas. Collectively, our observations
suggest that early deglacial oceanographic changes in the Caribbean were synchronous with abrupt
climate change in the Southern Hemisphere, suggesting a key role for a global-scale shift in

atmospheric circulation in the termination of the last ice age.
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Figure Captions

Figure 1. Location map of VM28-122 (star), Cariaco Basin records used to develop the variable
reservoir correction (triangle), and Tobago Basin (square). Bathymetric and topographic raster
image produced within GeoMapApp (Ryan et al., 2009). For modern reservoir age estimates and

the constancy of the modern reservoir across the Caribbean, see (Wagner et al., 2009).

Figure 2. Stable isotope results as a function of depth (cm): A) 6'3C and B) 880 of C.
wuellerstorfi. Data from this study are solid circles whereas those of Oppo and Fairbanks (1987)
are open circles. The horizon (89.5cm) from this study with anomalous radiocarbon results is

shown as asterisk circles. The visibly bioturbated portion of the core is highlighted in grey.

Figure 3. Radiocarbon results are plotted as uncorrected radiocarbon years BP with reported one-
sigma error bars, as a function of depth (cm). Results from this study (solid circles, A-archive and
solid diamonds, B-archive) were derived from on monospecific Gs. ruber (white). Independent
replicate analyses are indistinguishable from each other, including the anomalous horizon at
89.5cm (circled in the figure). Previously published data include that of Broecker et al., (1988):
open circles (Gs. sacculifer) and open triangles (Gs. ruber, white) and Schmidt et al., 2004 (Gs.

ruber white, upside down filled triangle).

Figure 4. Age uncertainty (£95% CI) of the synthetic age-model experiments documented a range
of age-model uncertainties as a function of age control point density (depth and time). Experiment

1 (40cm!, 5.7%7) gray dotted line, Experiment 2 (30cm™!, 4.37%7) gray dashed line, Experiment 3
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(20cm™!, 2.9%7) dash-dot black line, Experiment 4 (10cm’!, 1.4%7) solid black line, and
Experiment 5 (5cm™!, 0.7%7) heavy solid black line. Mean uncertainty of the age model decreased
with increasing control point density. With a control point every 5 cm (every 700 years) the mean

uncertainty was 300 years.

Figure 5. Difference, or bias, between age models constructed with a constant and variable AR as
a function of variable AR calibrated years BP (heavy black line). Left axis is the bias (years) and
the right axis is £95% CI uncertainty (years, dashed line) for the variable AR age model. Note

that the bias can approach 1000 years.

Figure 6. Climate and water mass records of the last deglaciation: (A) NGRIP 'O (Rasmussen et
al., 2006), (B) GNAIW benthic foraminifera §'*C composite, this study, (C) GNAIW reconstructed
[CO572] (Yuetal., 2008,2010,2013), (D) GNAIW benthic foraminifera §'80 composite, this study,
(E) benthic foraminifera §'*C record of AAIW (Poggemann et al., 2017), (F) benthic foraminifer
reconstruction of [Cd]w, a proxy for phosphate (Poggemann et al., 2017), and (G) Antarctic Stack,
ATS3 (Buizert et al., 2018) . For the ice core records, up on the y-axis equates to putatively
“warmer” and down equates to “colder”. The asterisk circle symbols (8'*C in panel B and 8'%0 in
panel F) denote the results from 89.5¢cm where the C results were anomalous, and the two
horizons early in the deglacial which, if real, have intriguing 8'80water implications. The filled

grey window demarks the visibly bioturbated portion of VM28-122.
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