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Abstract Atlantic Meridional Overturning Circulation (AMOC) disruption during the last deglaciation
is hypothesized to have caused large subsurface ocean temperature anomalies, but records from key
regions are not available to test this hypothesis, and other possible drivers of warming have not been fully
considered. Here, we present the first reliable evidence for subsurface warming in the South Atlantic
during Heinrich Stadial 1, confirming the link between large-scale heat redistribution and AMOC.
Warming extends across the Belling-Allerad despite predicted cooling at this time, thus spanning
intervals of both weak and strong AMOC indicating another forcing mechanism that may have been
previously overlooked. Transient model simulations and quasi-conservative water mass tracers suggest
that reduced northward upper ocean heat transport was responsible for the early deglacial (Heinrich
Stadial 1) accumulation of heat at our shallower (~1,100 m) site. In contrast, the results suggest that
warming at our deeper site (~1,900 m) site was dominated by southward advection of North Atlantic
middepth heat anomalies. During the Belling-Allered, the demise of ice sheets resulted in oceanographic
changes in the North Atlantic that reduced convective heat loss to the atmosphere, causing subsurface
warming that overwhelmed the cooling expected from an AMOC reinvigoration. The data and
simulations suggest that rising atmospheric CO, did not contribute significantly to deglacial subsurface
warming at our sites.

1. Introduction

Abundant evidence exists that the Atlantic Meridional Overturning Circulation (AMOC) weakened episodi-
cally during the last glacial and deglacial periods, perhaps because massive icebergs surging from continen-
tal ice sheets and melting across the subpolar North Atlantic increased surface buoyancy and disrupted the
conversion of surface to deep water (Bond et al., 1992; Broecker et al., 1985; Clark et al., 2002). Model simu-
lations suggest that an AMOC collapse would result in reduced heat loss through convective exchange in the
North Atlantic (Galbraith et al., 2016), trapping heat in the North Atlantic subsurface (Galbraith et al., 2016;
Liu et al., 2009; Marcott et al., 2011; Pedro et al., 2018; Zhang et al., 2017), some of which would be trans-
ported southward along the deep western boundary current and contribute to warming at middepths
(1.5-2.5 km) of the South Atlantic (Galbraith et al., 2016; Liu et al., 2009; Marcott et al., 2011; Pedro et al.,
2018; Zhang et al., 2017). Heat also accumulates in the South Atlantic thermocline due to reduced northward
upper ocean heat transport (Galbraith et al., 2016; Liu et al., 2009; Marcott et al., 2011; Pedro et al., 2018;
Zhang et al., 2017). Upon AMOC resumption, North Atlantic subsurface heat is released to the atmosphere
and renewed subduction of North Atlantic Deep Water (NADW) transports cold, salty waters to the South
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Atlantic (Pedro et al., 2018). In the simulations, the South Atlantic thermocline also cools due to renewed
strong northward upper ocean flow.

Heinrich stadial 1 (HS1; ~17.5-14.7 kyr BP) is a key period associated with evidence for a weakened AMOC
(Clark et al., 2002; Lynch-Stieglitz et al., 2014; McManus et al., 2004) and the onset of deglacial atmospheric
CO, rise (Monnin et al., 2001). The end of HS1 is associated with evidence for an abrupt AMOC recovery and
rapid warming in the North Atlantic region (McManus et al., 2004; Weldeab et al., 2016), culminating in the
Bolling-Allered (BA; 14.7-13.0 kyr BP) warm period. The interval encompassing these two events is the ideal
target for initial studies of the effect of a reduced AMOC on South Atlantic subsurface temperatures and
other potential forcings of subsurface temperature change. Comparisons to earlier and later events of more
modest AMOC decline and recovery may also help clarify the strength of the link between AMOC and South
Atlantic subsurface temperature (Lynch-Stieglitz et al., 2014; Them et al., 2015).

Previous studies suggest that HS1 warming occurred in the intermediate depth (1.2-1.4 km; Marcott et al.,
2011; Weldeab et al., 2016; Thiagarajan et al., 2014) and middepth (1.8-2.6 km; Roberts et al., 2016) of the
North Atlantic, as well as the intermediate depth (0.6-0.85 km; Poggemann et al., 2018; Roberts et al.,
2016) and deep South Atlantic (3.8 km; Roberts et al., 2016). However, aside from a single deep-sea coral
clumped isotope record (Thiagarajan et al., 2014), intermediate and deep water temperatures in these
previous studies were estimated using the magnesium/calcium ratios (Mg/Ca) of benthic foraminifera.
Yet several studies suggest that Mg/Ca of benthic foraminifera is influenced by carbonate chemistry, an
effect that is generally obscured in core top calibrations by the positive relationship between bottom water
temperature and carbonate ion saturation (Elderfield et al., 2006; Rosenthal et al., 2006; Yu & Elderfield,
2008). While it is often assumed that benthic foraminifera living within the sediment (infaunal habitat)
are not exposed to fluctuations in carbonate ion saturation and can be used to reconstruct temperature
(Elderfield et al., 2010), recent evidence suggests that this assumption is incorrect (Weldeab et al., 2016).
Pairing measurements of Mg/Ca and lithium/calcium ratios (Li/Ca) appears to eliminate much of the bias
associated with changes in carbonate chemistry (Bryan & Marchitto, 2008; Marchitto et al., 2018). In
particular, Mg/Li in the aragonitic foraminifera Hoeglundina elegans appears to be unaffected by changes
in the biomineralization process that mediates the response to carbonate chemistry (Marchitto et al.,
2018). Core top values also have a better temperature correlation for Mg/Li (R* = 0.90) than Mg/Ca
(R* = 0.49) (Bryan & Marchitto, 2008; Marchitto et al., 2018).

Here, we present the first temperature records from the South Atlantic based on the Mg/Li of H. elegans. The
records span the last 0 to 30 kyr and 0 to 60 kyr, providing context for South Atlantic intermediate depth and
middepth temperature changes of the last deglaciation. We pair the Mg/Li-based temperature estimates with
Cibicidoides pachyderma 80 to estimate the 8'®0 of seawater (§'%0g,; Lynch-Stieglitz et al., 1999;
Marchitto et al., 2014), enabling us to identify the arrival of low-5"%04y, deglacial meltwater to the Brazil
margin sites. We use paired benthic foraminifera measurements of H. elegans cadmium/calcium ratios
(Cd/Ca) and C. pachyderma 8"C to estimate water mass nutrient properties and isolate the influence of
air-sea gas exchange on 513C (8"3Cys Lynch-Stieglitz & Fairbanks, 1994). As 8'3C,s is a nearly conservative
water mass tracer, it allows us to assess whether temperature anomalies are associated with a particular
water mass.

Downcore records were generated from three intermediate depth (~1.1-1.3 km) cores collected from two
sites on the Brazil margin at ~27°S and one middepth (~1.9 km) core collected from ~23°S. Sediment core
KNR159-5-90GGC (27.35S, 46.63°W) and companion core KNR159-5-105JPC (27.35°21.0'S, 46.63°W) were
collected from 1,108-m water depth, whereas sediment core KNR159-5-36GGC (27.25°S, 46.47°W) was col-
lected slightly deeper, at 1,268-m water depth (Figure 1). Today, these sites are located just below the low
salinity core of Antarctic Intermediate Waters (AAIW) and within the mixing gradient with high salinity
NADW (supporting information Figure S1). Concentrations of PO, and Cd are elevated in AAIW relative
to NADW (Middag et al., 2018; Figure 1), in part because Circumpolar Deep Water (CDW) contributes nutri-
ents to AATW (Sarmiento et al., 2004) and in part because remineralization in the AATW formation region
increases the PO, values and reduces §'>C values (Oppo et al., 2018). Middepth sediment core PC-CAM61
(22.52°S, 39.90°W) was collected from 1,890-m water depth, within the modern extent of NADW and near
its upper boundary with AAIW. As a result, it has lower PO, and Cd concentrations than the intermediate
depth sites (Figure 1).
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Figure 1. Locations of South Atlantic cores included in this study overlain on a southwest Atlantic cross section (A17) of
(a) salinity, (b) temperature, and (c) phosphate from the World Ocean Circulation Experiment and compiled by the
Global Ocean Data Analysis Project version 2.2 (Key et al., 2004). The maps were generated using the Ocean Data View
software (Schlitzer, 2015). NADW = North Atlantic Deep Water; AAIW = Antarctic Intermediate Waters; SAMW =
Subantarctic Mode Water; UCDW = Upper Circumpolar Deep Water; LCDW = Lower Circumpolar Deep Water.

2. Methods
2.1. Age Models

Age models for each of the Brazil margin cores were constructed using planktonic foraminifera radiocarbon
dates (supporting information Figure S2). Published '*C ages for 90GGC (Lund et al., 2015) and 36GGC

UMLING ET AL.

992



'AND SPACE SCiENCE

Paleoceanography and Paleoclimatology 10.1029/2019PA003558

(Oppo et al., 2018; Sortor & Lund, 2011) were supplemented with two and eight additional *C dates
(supporting information Figure S2), respectively. Unpublished planktonic 14C dates were used to construct
the age models for 105JPC and PC-CAMS61 (supporting information Figure S2). Following Lund et al. (2015),
14C ages were corrected using a AR of 7 + 200 years (one sigma) to account for possible changes in the marine
radiocarbon reservoir age through time. For 36GGC, the plateau-tuned age model from Balmer et al. (2016)
was supplemented with eight new '*C ages. However, the age model from Sortor and Lund (2011) was
modified to utilize a AR of 7 + 200 years at core depths above the top of the Younger Dryas **C plateau; this
avoids the application of Younger Dryas reservoir ages to Holocene samples. Final chronologies were
constructed using the Bayesian age modeling program Bacon (Blaauw & Christen, 2011).

2.2. Isotopic and Trace Element Analysis

New benthic carbon and oxygen isotopic records were generated for 105JPC and PC-CAM61, and the pub-
lished record of 36GGC was supplemented with new data from ~22 to 30 kyr BP. New benthic isotope data
were also generated for core 90GGC, as published glacial/late deglacial 8'0 values were higher than nearby,
deeper core 36GGC (Curry & Oppo, 2005) inconsistent with their density contrast. The new data were gen-
erated on the benthic foraminiferal species C. pachyderma from 36GGC, 90GGC, and 105JPC, whereas C.
wuellerstorfi were measured for PC-CAM61. Because C. pachyderma were generally absent from the top
36.5 cm of 90GGC and the top 94.5 cm of 36GGC, Cibicidoides sp. were measured instead. New measure-
ments were made using a Finnigan MAT253 mass spectrometer with a long-term laboratory precision of
the NBS-19 carbonate standard of 1o + 0.07%. for 8'20 and +0.02%. for 8'3C (n > 390.

Elemental ratios were determined using the benthic foraminiferal species H. elegans for 36GGC, 90GGC,
and 105JPC. Samples of ~10 H. elegans from 90GGC and 105JPC were crushed, homogenized, and split into
replicates. For material-limited 90GGC and 105JPC samples <5 H. elegans were used. Elemental ratios were
also determined using the benthic foraminiferal species Uvigerina perigrina and C. wuellerstorfi from
PC-CAM61, and Mg/Ca-based temperatures from those species were compared to the H. elegans Mg/Li-
based temperature estimates from that core (supporting information Figure S3). Each sample was reduc-
tively and oxidatively cleaned following Boyle and Keigwin (1985) as modified by Boyle and Rosenthal
(1996). Analysis of 90GGC, 105JPC, and PC-CAM61 samples was carried out on a Thermo Scientific iCap
Qc Inductively Coupled Plasma Mass Spectrometer at Woods Hole Oceanographic Institution.
Consistency was monitored over the course of these analyses through repeated analysis of four standards
with Mg/Ca ratios of 0.58, 1.21, 3.30, and 7.33 mmol/mol and Li/Ca ratios of 2.14, 13.46, 26.41, and 43.04
umol/mol. The Mg/Ca long-term lo-precision of the standards was +0.01 (1.8%), +0.02 (1.4%), +0.03
(0.8%), and +0.12 (1.6%), respectively. The Li/Ca long-term lo-precision of the standards was +0.05
(2.1%), +0.18 (1.3%), +0.44 (1.7%), and +0.73 (1.7%), respectively. The Cd/Ca long-term precision was
+0.003 (3.9%), +0.033 (1.9%), +0.033 (1.9%), and +0.036 (1.9%) for four standards with Cd/Ca ratios of
0.071, 1.737, 1.802, and 1.884 umol/mol, respectively. The long-term consistency for Mg/Li is +0.007
(2.5%), +0.002 (1.9%), +0.002 (1.6%), and +0.003 (2.0%) for standards with Mg/Li ratios of 0.272, 0.090,
0.125, and 0.170, respectively.

Analysis of 36GGC was carried out on a Varian ICP 820MS at the Australian National University. Samples of
~1-6 H. elegans from 36GGC were crushed, homogenized, and split into replicates. Comparison of data mea-
sured for samples of various sizes suggests relatively homogeneous Mg/Li ratios for H. elegans (supporting
information Figure S4). Elemental ratios were also determined using the benthic foraminiferal species U.
peregrina and C. pachyderma from 36GGC, and Mg/Ca-based temperatures from those species were com-
pared to the H. elegans Mg/Li-based temperature estimates from that core (supporting information
Figure S5). Samples were reductively and oxidatively cleaned following Boyle and Keigwin (1985) as
modified by Boyle and Rosenthal (1996). As the reductive cleaning step has been shown to selectively dis-
solve foraminiferal calcite (Yu et al., 2007), the reductive cleaning step was omitted for several replicates
to test whether the Mg/Li ratios of oxidatively cleaned samples were reproduced. We found no significant
differences in Mg/Li between samples cleaned with and without the reductive step (supporting information
Figure S4). The long-term consistency for Mg/Li is <~2% (Yu et al., 2005).

H. elegans has a glassy aragonitic test that has been suggested to be less prone to diagenetic overgrowths
(Boyle et al., 1995). Ratios of Al/Ca, Mn/Ca, and Fe/Ca were used to monitor contamination and were
generally negligible. However, samples with elevated Al/Ca, Mn/Ca and/or Fe/Ca ratios were excluded
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Figure 2. (a) Atmospheric CO, (Bereiter et al., 2015) compared to (b) Mg/Li
estimated bottom water temperatures, (c) 51805W, and (d) 580 from
90GGC, 105JPC, 36GGC, and PC-CAM61. (c) Estimates of global mean
slsosw changes (purple; Clark et al., 2009) compared to South Atlantic
estimates. For the highest resolution cores (90GGC and 105JPC) a local
polynomial regression fit and shaded +standard errors were estimated using
the stats package R (Loess). Modern core site BWTs are indicated by stars.
Age of calibrated (e ages used for chronological constraint is indicated
along the x axis by open symbols. Heinrich stadials are numbered and key
events labeled at the top. MIS = Marine Isotope Stage.

from the final results due to suspected contamination. Relatively young
radiocarbon dates in the deglacial sections of several KNR159-5 cores,
including 90GGC, suggest that the records from these cores may be influ-
enced by deep burrowing, a hypothesis confirmed by Holocene-like
planktonic 5'®0 values in the deglacial section of a deeper core (Lund
et al., 2015). However, because the planktonic-to-benthic ratio is as high
as 3,000 in the early Holocene, compared to ~250 in the deglacial and gla-
cial sections, bioturbation had a much larger influence on the planktonic
than benthic 8*20 record (Broecker et al., 1999; Lund et al., 2015). As only
1-6 H. elegans are generally required for elemental analyses, one trans-
ported or mixed individual can impact the measured elemental ratio. To
account for any mixing, samples were measured in duplicate and tripli-
cate whenever possible. Data points that were outliers in a set of three
or more replicate analyses or data points that fell outside +2c of the mean
for the core were excluded from our final interpretation of the data. These
results may be influenced by bioturbation (marked as xs in Figures 2-4).
Unfortunately, additional samples from PC-CAM-61 are not available,
and we were not able to improve the resolution of records from that core.

2.3. Temperature Estimation

Bottom water temperature was estimated from H. elegans Mg/Li ratios by
expanding upon the cold end of the core top calibration of Marchitto et al.
(2018; equation (1)) with four additional core top samples collected from
<7 °C and measured in triplicate (equation (2); supporting information
Figure S3). The standard errors of temperature estimates are +0.9 °C at
0 °C and +1.1 °C at 7 °C, with a Mg/Li standard error of estimate of
+0.018 mol/mmol for equation (2). Despite only minor differences
between the calibration of Marchitto et al. (2018; equation (1)) and the
calibration equation developed here (equation (2)), the additional data
points reduce the cold-end scatter and decrease the temperature estimate
errors. Paired foraminiferal 8'30 values (8"®0acite) and Mg/Li tempera-
ture estimates were used to estimate the §'30 composition of seawater
(51808“,) using the revised calibration of Marchitto et al. (2014; equation
(3)) for Cibicidoides and Planulina. The H. elegans, Cibicidoides, and U.
peregrina. Mg/Ca estimated temperatures are inconsistent with our H. ele-
gans Mg/Li temperature estimates, highlighting the unreliability of
benthic Mg/Ca-based temperature estimates (supporting information
Figure S5).

Mg/Li = 0.150+0.012 + 0.0209+0.0027*T—0.0002+0.0001*T* R?
=0.95 1)

Mg/Li = 0.160+0.010 + 0.0211+0.0023*T—0.00030.0001*T> R
=0.96 )

(8" Ocatcite—8" Osw + 0.27) = —0.245+0.005*T
+0.0011+0.0002*T? + 3.58+0.02  (3)

2.4. Isolation of the Carbon Isotopic Air-Sea Signature

The §'C value of a water mass reflects both biological fractionation
during photosynthesis and respiration and physical fractionation during
air-sea gas exchange, which is influenced by the residence time of waters
at the surface and the extent of temperature-dependent equilibration of
surface waters with the atmosphere (Broecker & Peng, 1982; Charles
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Figure 3. (a) Antarctic temperature anomalies from the EPICA Dome C
(Jouzel et al., 2007; black) and West Antarctic Ice Sheet Divide (Cuffey

et al., 2016; light blue) ice cores and (b) North Greenland Ice Core Project
(NGRIP) Greenland ice core 5% (NGRIP members, 2004; Rasmussen et al.,
2014 ; Seierstad et al., 2014) are compared to estimated (c) BWT, (d) 513Cair-
sea» (€) Cdwy, and (f) 8'3C for the Brazil margin (36GGC Cdw estimates are
from Came et al., 2008). 513Cair_sea values were estimated using the
Holocene equation of 513Cair-sea for PO4>1.3 (equation (7)). Although we
can estimate glacial and Holocene 513Cas (Figure 5), the deglacial evolution
between these curves is uncertain. MIS = Marine Isotope Stage.

etal., 1993; Inoue & Sugimura, 1985; Lynch-Stieglitz et al., 1995). The cad-
mium composition of seawater is positively correlated with the nutrient
phosphate (Boyle, 1988), although nutrient-depleted waters are character-
ized by lower Cd/phosphate ratios than nutrient-rich waters (Middag
etal., 2018; Xie et al., 2015). The aragonitic foraminifera H. elegans records
the cadmium concentration of seawater (Cdy) with little depth depen-
dence (Boyle et al., 1995). Cdyw values were estimated from H. elegans
Cd/Ca using the Cd partition coefficient D = 1 from Boyle (1992).
Following Lynch-Stieglitz and Fairbanks (1994), we used paired Cd/Ca
and 8'3C measurements to isolate the air-sea signature of s3c (8'3C,g
Figures 3 and 4). We provide new equations for estimating 8'*C, using
the relationship between 8'3C and PO,>~ from Eide et al. (2017; equation
(3)), slightly modified from Broecker and Maier-Reimer (1992):

813Chio = 2.8-1.1*POy )

and the relationships between Cd and PO, observed in Atlantic transects
of Cd and PO, for a low-nutrient (PO,>~ < 1.3 umol/kg), North Atlantic
endmember (equation (4)), and a high-nutrient (POS>1.3 umol/kg),
Southern Ocean endmember (equation (5)), rather than the high- and
low-nutrient endmembers estimated using the global compilation from
Boyle (1988):

Cdw = 0.287*P0,>~—0.066 4)

Cdw = 0.463*PO4>~—0.303 (5)

The resulting equations for 83, for PO~ < 1.3 umol/kg (equation (6))
and PO,*~ > 1.3 umol/kg (equation (7)) are

83Cus = 83 Crmeasured + 3.83*Cdw—2.55 (6)

8"Cas = 8 Crneasured + 2.38*Cdw—2.08 @)

Following Lynch-Stieglitz and Fairbanks (1994), glacial 8'3C, estimates
take into consideration 2%, higher organic matter 8'>C, 0.3%. lower mean
ocean 8"°C, and an ~4% increase in total inorganic carbon during the last
glacial period for both the low-nutrient (PO,*~ < 1.3 umol/kg; (equa-
tion (8)) and high-nutrient (PO~ > 1.3 umol/kg; equation (9))
glacial endmembers.

81Cas = 8" Cuneasured + 3.31*Cdy—1.98 (8)

81Cas = 8" Cuneasured + 2.05*Cdy—1.58 9)

Plots of Cdy versus §'*C indicate that glacial PO,>~ was likely higher than
1.3 umol/kg at our AAIW site (Figure 5). However, the evolution from gla-
cial to Holocene 8"C, is uncertain (supporting information Figure S7), as
the timing of changes in the 8*>C of marine organic matter and the ocean's
dissolved inorganic carbon inventory are not well constrained.

If a 8'3C change is caused by a change in the accumulation of respired

material, a commensurate change in nutrients (or estimated seawater Cdy) should be observed, resulting
in no change in 8"°C,,. A 8"°C change without an accompanying change in estimated Cdy, would imply that
the §'*C change was not associated with a change in respired nutrients but rather a change in the air-sea
exchange signature of a source water to the site. Contrarily, a change in Cdy without an accompanying
change in 8"°C implies that the change in Cdw was compensated for by a change in §"°C.
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Figure 4. Comparison of (a) Antarctic temperature anomalies from the EPICA Dome C (Jouzel et al., 2007; black) and
West Antarctic Ice Sheet Divide ice core (Cuffey et al., 2016; light blue) and (b) oxygen isotopes from the NGRIP
Greenland ice core (NGRIP project members, 2004) on the GICC05 chronologly (Rasmussen et al., 2014; Seierstad et al.,
2014) to estimated (c, d) temperature, (e, f) 513Cair-sea, (g, h) Cdw, and (i, j) & 3C from 90GGC, 105]PC, PC-CAMS,

and 36GGC (Came et al., 2008) over the last 60 kyr. 513Cair-sea values were estimated for 90GGC using the Holocene
equation of 513Cair_sea for PO,4 > 1.3 (equation (7)). Solid lines were estimated by a local polynomial regression fit using
the stats package R (Loess); shaded intervals indicate the +1 standard error of the fits. Data points that were suspected to
be influenced bioturbation or contamination (see methods) were not included in the fits (xs). Modern core site values
estimated from water column bottle data are indicated by stars. MIS = Marine Isotope Stage.
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Figure 5. Properties of AAIW from 90GGC Cdy and 8"3C values are indicated by filled circles with colors corresponding to (a) Holocene, (b) glacial, and
(c) deglacial ages. Modern endmember values are from estimated preindustrial s3c (Eide et al., 2017) and Cd endmembers estimated from the GEOTRACES
GAO02 transect (Middag et al., 2018). The Pacific Deep Water (PDW) Cd endmember was estimated from the GEOTRACES GP16 transect (John et al., 2018).
Glacial endmembers were estimated from the Cdy and 813C of Boyle (1992), Lynch-Stieglitz et al. (1996), and Marchitto and Broecker (2006). Mean
Holocene and LGM values for PC-CAM61 are indicated by open and closed symbols, respectively. Lines of equal 513CaS were estimated using the
Holocene (solid lines) and glacial (dashed lines) using equations (6)-(9). NADW = North Atlantic Deep Water; AAIW = Antarctic Intermediate Waters;
PDW = Pacific Deep Water; SAMW = Subantarctic Mode Water; CDW = Circumpolar Deep Water.

3. Results
3.1. South Atlantic Subsurface Temperature Variability

Our new H. elegans Mg/Li-based temperature estimates reveal that temperatures between 1.1 and 1.9 km
decreased gradually through Marine Isotope Stage (MIS) 3 (59.4-27.8 kyr BP) into MIS 2 (27.8-11.7 kyr BP;
Figure 2b; supporting information Figure S6), likely reflecting global-scale cooling. Notably, our tempera-
ture reconstructions reveal that western South Atlantic waters between 1.1 and 1.9 km warmed by ~2.5-
3.0 °C from the Last Glacial Maximum (LGM; 17.5-23.3 kyr BP) to the Holocene (Figure 2b). Warming
began at ~17.5 kyr BP, approximately coeval with the onset of HS1 at the two deeper sites (1.3 and 1.9
km) and perhaps as late as ~16.3 kyr BP at ~1.1 km. By the middle of HS1, these water depths were roughly
isothermal, with at most a small gradient between PC-CAM61 (1.9 km) and the shallower sites. Strikingly,
the warming was sustained through HS1 and continued into the BA, although at a lower rate (Figure 2b).
Most of the warming associated with HS1 and the warming during HS1 was greater than at any other time
during the last ~60 kyr (Figure 4). Earlier Heinrich events are not consistently associated with warming,
despite evidence for AMOC decline (Lynch-Stieglitz et al., 2014).

At ~20 kyr BP, global ice volume began to decrease, the mean ocean to freshen, and the mean ocean seawater
oxygen isotope value (5'%04,) to decrease (Figure 2c; Clark et al., 2009). Our sites document similar glacial-
Holocene 830, differences as the mean ocean (Figure 2c), with possible differences in 81804, evolution
between PC-CAM61 and the shallower sites. Of note, 8'®Og, recorded at intermediate depths did not begin
to decrease until the end of HS1 or even later, lagging the mean ocean decrease by at least 5,000 years, indi-
cating a delay of deglacial meltwater to the site. Although gaps in the PC-CAM61 records preclude

UMLING ET AL.

997



'AND SPACE SCiENCE

Paleoceanography and Paleoclimatology 10.1029/2019PA003558

identifying the timing of the onset of the deglacial 8'®0y,, decrease, by late HS1 values had decreased as
much as the mean ocean, suggesting an earlier arrival of deglacial freshwater than at shallower sites.

3.2. South Atlantic Water Mass Properties

Paired Cdyw and 5'C measurements allow us to place the warming documented at our sites from ~1.1- to
1.9-km water depth into the larger context of changes in water mass mixing and circulation. For most of the
last 60,000 years, when we have data from both an AAIW depth site (90GGC/105JPC, ~1.1 km) and the site
within glacial NADW (PC-CAM-61; ~1.9 km), 813C was lower at the shallower site, consistent with AATW
overlying NADW as in the modern and glacial oceans (Curry & Oppo, 2005; Oppo et al., 2018; Figures 3-5).
The Cdw estimates from the middepth site at ~35 kyr BP are lower than coeval AATW Cdyy estimates, con-
sistent with the water mass geometry inferred from 8'C (Figure 5). At about 28 kyr BP, AATW Cdy (and
8'3C,,) decreased, resulting in the near disappearance of the Cdw gradient between the shallow and
middepth sites, while the st3c gradient remained and a new 813C, gradient was established (Figure 3).
AAIW Cdy values remained low until ~14.0 kyr BP despite an earlier §'°C,q increase at ~16.5 kyr BP
(Figure 3). The reason why AAIW Cdw (and 813C,,) decreased at this time (~MIS2-MIS3 transition) and
remained low until ~14.0 kyr BP is unclear, but a connection to Southern Hemisphere processes is likely,
as Antarctica also experienced the coldest temperatures (Figure 2a) and greatest ice volume (Clark et al.,
2009; Figure 2c) of the last the last 60,000 years (supporting information Figure S6) during this same inter-
val. The 8'3C of AATW decreased at ~24 kyr BP (~HS2), resulting in South Atlantic water mass properties
that remained approximate constant until the end of the LGM.

Estimated Cdy, values were generally similar between ~1.1 and 1.9 km during the LGM, whereas §'3C
exhibited a strong gradient, with highest §'*C at the middepth site (~1.9 km), lowest at the intermediate-
depth sites (~1.1 km) and that of the 1.3-km site falling in between (Figure 3), similar to the modern distri-
bution of 8*3C in the South Atlantic (supporting information Figure S8). As 8*3C, is quasi-conservative,
higher values at ~1.9 km than at the shallower sites indicates that the cores were situated in different water
masses during the LGM. Specifically, our results suggest that like today, the shallower sites were within
(glacial) AAIW and the middepth site within (glacial) NADW.

The 8'3C values of intermediate waters increased abruptly early in HS1, with little change in estimated Cdyw
(Figure 3). Subsequently, estimated Cdyw of AAIW increased from late HS1/early BA through the BA
(Figure 3). Finally, 8"*C gradually increased within the Holocene, with little change in Cdyy. This three-step
deglacial evolution of AAIW properties is highlighted in Figure 4. §'*C values decreased at 1.9 km during
HS1 and returned to glacial-like values during the BA (Figure 3), consistent with previous evidence of a
deglacial 5'*C minimum in the middepth South Atlantic (Tessin & Lund, 2013).

4. Discussion

Comparison of our downcore records to LGM and Holocene water mass properties provides insight into pos-
sible reasons why glacial properties of AATW were so different from modern (Figure 5). During the LGM,
Southern and Pacific Ocean endmembers had lower Cd,, 8'3C, and 8'C, values than during the
Holocene (Boyle, 1992; Eide et al., 2017; Lynch-Stieglitz et al., 1996; Marchitto & Broecker, 2006; Middag
et al., 2018; Figure 5). In contrast, glacial NADW shows little to no difference in Cdy, and slightly higher
83C and 513CaS values relative to the Holocene (Boyle, 1992; Eide et al., 2017; Lynch-Stieglitz et al., 1996;
Marchitto & Broecker, 2006; Middag et al., 2018; Oppo et al., 2018). Whereas 613Cas was higher in the
Southern Ocean than North Atlantic during the Holocene (and in the modern), during the LGM, 813C,¢
was higher in the North Atlantic (Oppo et al., 2018; Figure 5). These changes suggest that glacial North
Atlantic surface source waters were better equilibrated with the atmosphere, perhaps due to colder tempera-
tures and in turn a stronger fractionation during air-sea exchange there, with the opposite being the case for
southern-sourced waters, perhaps because of greater sea ice extent.

Glacial Cd,, and 8'3C estimates in the South Atlantic at modern AAIW depths (90GGC, 105JPC) are both
lower than Holocene estimates (Figures 3-5), and this decoupling between nutrients and 8'C gives rise
to the low glacial §'3C, values. The Cd,, versus 8"°C crossplots (Figure 5) suggest that glacial CDW st3c
and Cd,, values were much lower than Holocene values. They also show AAIW falling along a mixing
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line that connects CDW with NADW, similar to the modern ocean. Thus, even with a similar contribution of
CDW to AAIW as in the Holocene, glacial AATW properties could reflect changes in the CDW endmember.

Several related changes resulting from an AMOC decline would be expected to lead to a §'*C increase at our
AAIW sites, as observed in HS1. For example, model simulations suggest that an AMOC decline would
result in less remineralized components in CDW (Schmittner & Lund, 2015), which could influence the
properties of AATW. The same simulations suggest that an AMOC decline would result in less remineraliza-
tion within AAIW as well as a reduced return flow of low-86"C intermediate-depth waters from the Indian
Ocean. An AMOC decline would cause a deepening of the thermocline (Hain et al., 2014), as observed in
model simulations at the latitude of our sites (Zhang et al., 2017), which would also increase the st3c.
However, all these mechanisms would result in lower nutrients, and presumably lower Cdy, which is not
observed. The small Cdy decrease compared to the large '>C increase for all these mechanisms suggests
that these processes were not the only or main cause of the §'*C decrease or that a more nutrient-rich water
mass with higher §'3C, contributed to AAIW or to the water mass mixture at our core sites, compensating
for some expected Cdyy decrease. For example, greater upwelling of deep water, perhaps due to a poleward
shift in the Southern Hemisphere westerlies (e.g. Menviel et al., 2018), might have increased nutrients and
decreased 5'*C of waters contributing to AAIW. However, outgassing of low-8"*C CO, would decouple §'*C
from nutrients, leading to higher 8'3C, in this hypothesized AATW source water. The atmospheric CO,
increase (Monnin et al., 2001) and 5'3C decrease (Bauska et al., 2016) approximately synchronously with
HSI1 also suggest that some portion of the mean ocean 813C increase (0.3 + 0.2%0; Gebbie et al., 2015)
occurred at this time and, regardless of the exact mechanism, likely contributed to the observed HS1
decoupling between 8"3C and CdW (supporting information Figure S7). Finally, as noted, there are systema-
tic differences in the Cd/PO, ratio among different water masses (Middag et al., 2018). While we cannot con-
strain potential decoupling between Cd and phosphate in the past, the systematic differences in the modern
ocean, with higher Cd/phosphate ratios in nutrient-rich than nutrient-poor waters, are in the wrong direc-
tion to explain the small Cdy decrease when 8'°C increases, if §'°C increase was due to a nutrient increase.

Changes in 8'3C and estimated Cdyy at the middepth core reinforce previous evidence of a reduced AMOC
during HS1. Our estimate of HS1 Cdy hints at an increase in middepth nutrients during HS1, providing
evidence that 8'3C and carbonate ion decreases in middepth South Atlantic waters (Lacerra et al., 2017’
Lund et al., 2015) were associated with enhanced accumulation of respired organic material, likely in
association with a weaker AMOC. Likewise, the reduced vertical property gradients are also characteristic
of an AMOC decline (Schmittner & Lund, 2015).

Cdw increased in AAIW near the onset of the BA, reflecting AMOC reinvigoration and the associated
increase in Indian Ocean water supply to Atlantic AAIW, shoaling of the thermocline and AAIW, and higher
nutrients in CDW. Deglacial records of water mass radiocarbon content and 8''B-estimated pH from the
Southern Ocean suggest enhanced vertical exchange at this time (Burke & Robinson, 2012; Martinez-Boti
et al., 2015; Rae et al., 2018), which may have contributed to higher nutrient content in AAITW. However,
the 8'3C of AAIW did not decrease (Figures 3-5), suggesting that the continued trend toward enhanced
Holocene air-sea gas exchange compensated for any nutrient-driven §'°C decrease. The §'>C and Cdy, of
the middepth site also increased and decreased respectively, signaling a decrease in remineralized compo-
nents in association with the BA AMOC strengthening. The §'C of AAIW continued to increase throughout
the Holocene without significant changes in its Cdw. While some of the early Holocene 8'°C rise likely
reflects the increasing 8'>C of the atmospheric (Lynch-Stieglitz et al., 2019), the magnitude of the increase
exceeds that of the atmosphere and likely reflects a trend of enhanced air-sea equilibration in AATW source
waters. Some component of the Holocene 8'*C rise might also reflect continuing mean ocean 5'*C increase.

The 8'3C and Cd,, evidence that the intermediate and middepth sites were, respectively, situated in AATW
and NADW during glacial times, as they are today, indicates that deglacial warming was not uniquely asso-
ciated with either glacial water mass. Moreover, as shallow North Atlantic waters were likely characterized
by low §'®0,, (Zhang et al., 2017), the early arrival of low 5'®0,, at the middepth site suggests a northern
origin of warming. On the other hand, the arrival of low §'®0g,, at AAIW depths after HS1 (Figure 2) strongly
suggests that southward advection of heat anomalies within NADW did not contribute significantly to early
deglacial warming at the shallower core sites. Our data further reveal that warming continued, although ata
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Figure 6. Atlantic cross section (a-d) and map view (e-p) of the surface, 1,000- and 2,000-m temperature anomalies for the TraCE (first row) and MWF
(second row) runs at 15.5-19 kyr BP, the ICE (third row) run at 12-14.5 kyr BP, and the GHG (fourth row) run at 13-17 kyr BP from the National Center for
Atmospheric Research Community Climate System Model version 3 (Liu et al., 2009). Melt water forcing = MWF, ice sheet forcing = ICE; GHG = greenhouse

gas forcing.

lower rate, after HS1 and into the late BA. As cooling is expected in response to an AMOC recovery
(Figures 6 and 7; Liu et al., 2009), this finding suggests that an additional forcing mechanism was
responsible for the absence of cooling and continued subsurface warming. In fact, AMOC variability was
not the only potential deglacial driver of subsurface temperature variability, as atmospheric CO, was
rising (Monnin et al., 2001) and ice sheets were retreating (Clark et al., 2009).

Consistent with our observations of warming at both NADW and AAIW depths, during HS1, model simula-
tions suggest Atlantic-wide thermal anomalies associated with AMOC disruption (Galbraith et al., 2016; Liu
et al., 2009; Pedro et al., 2018; Zhang et al., 2017). To evaluate the relative contribution of various potential
forcings to subsurface warming even after the BA AMOC recovery, we compare transient simulations using
the National Center for Atmospheric Research Community Climate System Model version 3 (NCAR
CCSM3; Liu et al., 2009; Pedro et al., 2018; Zhang et al., 2017) forced by individual deglacial forcings (orbital
forcing, melt water forcing, ice sheet forcing, and greenhouse gas forcing) to the simulation with the full
suite of deglacial forcings (Transient Climate Evolution; TraCE).

Consistent with previous results for HS1, the TraCE simulation (Figures 5a and 6) predicts the greatest sub-
surface warming in the subpolar North Atlantic, where deep convection and exchange with the overlying
cold atmosphere are reduced, and in the South Atlantic thermocline, where anomalous heat builds up
due to reduced cross-equatorial volume transport (Galbraith et al., 2016; Liu et al., 2009; Pedro et al.,
2018; Zhang et al., 2017). A comparison of the TraCE and single forcing runs confirms that meltwater forcing
dominates this response, consistent with the hypothesis that a weakened AMOC caused basin-wide subsur-
face temperature responses during HS1.
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Figure 7. Time series for TraCE, single forcing runs, and their sum, for the North and South Atlantic basins at the (a) surface, (b) 1,000 m, and (c) 2,000 m from the
National Center for Atmospheric Research Community Climate System Model version 3 (Liu et al., 2009). SST = sea surface temperature.

The simulation including all forcings (TraCE) predicts zonally averaged HS1 warming of 2-3 °C above 1.0
km in the South Atlantic (Liu et al., 2009; Pedro et al., 2018; Zhang et al., 2017; Figure 5a), similar to a simu-
lation using the coupled ocean-atmosphere model CM2Mc (Galbraith et al., 2016). The simulation confirms
that HS1 warming at these shallower core sites was likely due to heat accumulation resulting from reduced
northward heat transport and a relatively deep extension of the South Atlantic thermocline anomaly
(Galbraith et al., 2016; Liu et al., 2009; Pedro et al., 2018; Zhang et al., 2017). Model simulations suggest that
during AMOC weakening, warming at the depths of our shallow cores is enhanced by reduced upwelling
and thermocline deepening (Galbraith et al., 2016; Liu et al., 2009; Pedro et al., 2018; Zhang et al., 2017),
potentially consistent with the increase in the §'3C of AAIW, as discussed above.

Our records document HS1 warming of similar magnitude (2.5-3.0 °C) at our middepth site, where zonally
averaged simulated warming is only ~0.5-1.5 °C (Galbraith et al., 2016; Liu et al., 2009; Pedro et al., 2018;
Zhang et al., 2017). Within NADW, more warming is expected along the deep western boundary compared
to the zonal mean (Figures 5f and 5g), as North Atlantic shallow subsurface thermal anomalies are advected
in the deep western boundary current. Given a relatively shallow glacial NADW, southward flow occurred at
midwater depths, where the PC-CAM-61 site is situated. HS1 warming at the core's grid cell was ~2 °C
(supporting information Figure S9), similar to our Mg/Li-based estimate.

Antarctic ice core noble gases suggest a magnitude and onset of deglacial warming for the mean ocean
(Bereiter et al., 2018) similar to those we reconstruct at intermediate and middepths of the South Atlantic
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(supporting information Figure S10). This finding is consistent with evidence that ocean warming during
AMOC collapse is initially concentrated in the Atlantic above 2 km (Figure 5a), before propagating to the
global ocean and eventually contributing to the warming of the high-latitude Southern Ocean (Galbraith
et al., 2016; Pedro et al., 2018).

Upon AMOC resumption at the onset of the BA, models predict a brief cooling in the South Atlantic thermo-
cline as trapped heat is rapidly advected northward in the upper limb of the AMOC (e.g., Figure 6b;
Galbraith et al., 2016; Pedro et al., 2018). We do not, however, document cooling between 1.1 and 1.3 km
during the BA AMOC resumption. The simulations suggest that ice sheet decay contributed to warming late
in the deglaciation (Figures 6 and 7), as orographic effects of a smaller ice sheet resulted in poleward
migration of the westerly jet, allowing the expansion of sea ice in the Labrador Sea, reducing convection,
and curtailing heat loss to the atmosphere (Zhu et al., 2014). This finding leads us to hypothesize that ice
volume forcing began to warm the South Atlantic earlier than predicted by the simulations, before AMOC
recovery, offsetting cooling due to the AMOC recovery at our sites and instead resulting in the observed
(Figure 2) sustained modest warming in the early deglacial South Atlantic subsurface during the BA.

There was no discernable warming during the Younger Dryas, another period also associated with evidence
of AMOC weakening. Less extensive ice sheets during the Younger Dryas, a different routing of freshwater,
and/or an already warm subsurface South Atlantic may have been responsible for maintaining the warm
temperatures of HS1. The absence of detectable South Atlantic subsurface warming during the Younger
Dryas, when both CO, and Southern Hemisphere temperatures increased significantly (Monnin et al.,
2001; Parrenin et al., 2013; Figures 2 & 3), suggests that intermediate depth warming associated with
CO,-driven temperature increases of endmember surface waters (Menviel et al., 2015) did not contribute
significantly to the observed deglacial warming at our sites, consistent with our model evidence that it played
a minor role (Figures 5 and 6). Similarly, the lack of a consistent warming during earlier MIS3 Heinrich
events (supporting information Figure S6) suggests smaller AMOC reductions or that background climate
or oceanic conditions were not favorable for warming in the South Atlantic.

5. Conclusions

Unlike Cdyy, 8t3C, and 513Cas, which indicate changes in chemical stratification associated with deglacial
AMOC variability, Mg/Li-based subsurface temperatures exhibit similar trends and amplitudes over the
depth range of our cores (1,000-2,000 m). We have used independent information from these data, 5% 0gw
estimates, and transient model simulations to identify and confirm the role of several forcings and their
interactions on subsurface Atlantic temperature change. Our results provide the first evidence of the link
between large-scale heat distribution and severe AMOC collapse predicted by models (Galbraith et al.,
2016; Liu et al., 2009; Marcott et al., 2011; Pedro et al., 2018; Zhang et al., 2017). Furthermore, we show that
subsurface South Atlantic warming, while not restricted to a single water mass, was driven primarily by
AMOC collapse during HS1. Data and model simulations each provide strong evidence that during HS1,
heat trapping warmed AAIW and the advection of a North Atlantic warm anomaly warmed NADW in
the South Atlantic. The model simulations identify ice sheet retreat as a significant forcing that extended
subsurface Atlantic warming past HS1 and through the BA, as observed. Both data and model simulations
imply that rising CO, did not significantly influence South Atlantic temperatures between 1 and 2 km, with
the model simulations suggesting that the contribution of CO, forcing to subsurface warming was strongest
in the North Atlantic above 2 km.
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