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Rapid shifts in circulation and biogeochemistry 
of the Southern Ocean during deglacial carbon  
cycle events
Tao Li1,2*, Laura F. Robinson2, Tianyu Chen1,2, Xingchen T. Wang3, Andrea Burke4,  
James W. B. Rae4, Albertine Pegrum-Haram2,5, Timothy D. J. Knowles6, Gaojun Li1, Jun Chen1, 
Hong Chin Ng2, Maria Prokopenko7, George H. Rowland2, Ana Samperiz2, Joseph A. Stewart2, 
John Southon8, Peter T. Spooner2,9

The Southern Ocean plays a crucial role in regulating atmospheric CO2 on centennial to millennial time scales. 
However, observations of sufficient resolution to explore this have been lacking. Here, we report high-resolution, 
multiproxy records based on precisely dated deep-sea corals from the Southern Ocean. Paired deep (∆14C and 
11B) and surface (15N) proxy data point to enhanced upwelling coupled with reduced efficiency of the biological 
pump at 14.6 and 11.7 thousand years (ka) ago, which would have facilitated rapid carbon release to the atmo-
sphere. Transient periods of unusually well-ventilated waters in the deep Southern Ocean occurred at 16.3 and 
12.8 ka ago. Contemporaneous atmospheric carbon records indicate that these Southern Ocean ventilation 
events are also important in releasing respired carbon from the deep ocean to the atmosphere. Our results thus 
highlight two distinct modes of Southern Ocean circulation and biogeochemistry associated with centennial-scale 
atmospheric CO2 jumps during the last deglaciation.

INTRODUCTION
The Southern Ocean is a region of active upwelling (1), where deep, 
carbon- and nutrient-rich water is brought to the surface ocean, 
providing surface biota with excess major nutrients (nitrogen and 
phosphorus). Limitation of primary productivity by iron and light 
deficiency in surface waters (2) leaves a substantial fraction of these 
nutrients unused (Fig. 1A) before they are transported back to the 
ocean interior, thus allowing CO2 to escape to the atmosphere (3). It 
has been suggested that changes in the circulation and biogeochem-
istry of the Southern Ocean have driven atmospheric CO2 variations 
during glacial-interglacial cycles (3) and will exert an important in-
fluence on uptake of anthropogenic carbon in the future (4). How-
ever, coupled general circulation models struggle to fully capture 
changes in the circulation and biogeochemistry of this region (5). 
Hence, with limited data connecting surface and deep processes, it 
remains difficult to test the linkages between different modes of 
oceanic overturning and carbon cycle events, particularly on cen-
tennial to millennial time scales.

Paleoclimatic records provide key insights into different modes 
of Southern Ocean circulation and biogeochemistry and have indi-
cated that the Southern Ocean carbon leak was smaller during the 
ice ages (6–8), with more carbon stored in deep ocean (9), partly 
accounting for the lower atmospheric CO2 (3). Proposed mecha-
nisms include upper ocean stratification (10), increased iron avail-
ability (2), reduced overturning of deep water linked to changes in 

the westerly winds (11), reorganization of surface buoyancy fluxes 
(12), and expansion of sea ice that directly blocks CO2 exchange 
between surface ocean and atmosphere (13). The millennial- and 
centennial-scale atmospheric CO2 events of the last deglaciation (14) 
provide an excellent opportunity to test the operation and relative 
importance of these mechanisms, but such tests require well-dated, 
high-resolution records of both the physical and biological processes 
in the Southern Ocean that are comparable with the ice core records 
(15). As yet, there exists no coherent multiproxy dataset on a single 
high-precision age scale, hindering our ability to deconvolve the 
relative roles of physical and biological processes of the Southern 
Ocean in deglacial carbon cycle events.

Here, we use deep-sea scleractinian corals to address this gap in 
our knowledge of the coupled system, with a multiproxy approach 
that includes tripling the resolution of previous radiocarbon records. 
A key advantage of deep-sea corals is that they can be absolutely 
dated using uranium-series disequilibrium methods (16) to provide 
accurate and precise age control on the various paleoclimate prox-
ies hosted within their skeletons. The radiocarbon content of these 
corals, after correction for postmortem decay based on their uranium-
thorium (U-Th) ages, documents the contemporary 14C/12C ratios 
of dissolved inorganic carbon in ambient seawater (17). Radiocarbon 
is produced by cosmic ray–induced nuclear reaction in the upper 
atmosphere; thus, its subsequent decay (half-life of 5730 years) in 
the subsurface ocean provides us a tool with which to trace the rate 
of deep circulation and carbon exchange between ocean interior and 
atmosphere in the geological past (8, 18–21). The boron isotope com-
position (11B, ‰) of deep-sea corals records seawater pH variations, 
which serves as a sensitive measure of the ocean carbonate system 
and can be used to track changes in carbon storage in the ocean in-
terior (9). The nitrogen isotope composition (15N, ‰) of fossil-
bound organic matter in deep-sea corals can record the degree of 
nitrate consumption in the surface ocean, as deep-sea corals feed on 
sinking organic matter from the surface ocean where phytoplank-
ton preferentially assimilates 14N relative to 15N (6, 22). Together, 
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the combined coralline 14C, 11B, and 15N records have the poten-
tial to provide invaluable information on physical and biological 
processes operated in the Southern Ocean with accurate age con-
trol. Direct comparison to high-resolution ice core records of atmo-
spheric CO2 enables us to better understand the interaction among 
ocean circulation, biological activity, and the global carbon cycle 
during the rapid carbon cycle changes of the last deglaciation.

Deep-sea scleractinian coral samples were recovered from sea-
mounts in the Drake Passage (Fig. 1A), from water depths ranging 
from 1879 to 316 m and bathed today by Upper Circumpolar Deep 
Water (UCDW), Antarctic Intermediate Water (AAIW), and Sub-
antarctic Mode Water (SAMW) (Fig. 1B). Samples were precisely 
dated by isotope dilution U-Th dating (16), and those with low ini-
tial 232Th concentrations (and thus the highest precision calendar 
ages) were then selected for radiocarbon measurement (fig. S1). A 
radiocarbon parameter related to the isolation (in terms of circula-
tion and air-sea gas exchange) of the paleowater mass, B-Atmosphere 
(B-Atm.), was calculated as the radiocarbon age difference between 
the seawater and the contemporaneous atmosphere (see Materials 
and Methods). Augmenting this new 14C record, we include previ-
ously published 15N (6) and 11B (9) records with the same precise 
U-Th ages based on the calibrated coral species (Desmophyllum 
dianthus). The coral 15N data on the new U-Th age scale reveal 
transient intervals characterized by low degree of surface nutrient 
utilization during the last deglaciation, which were obscured in pre-
vious work that relied on a less precise “reconnaissance” time scale 
(6) with age uncertainties sometimes over 1000 years (fig. S2).

RESULTS
The unprecedented spatial and temporal resolution of our Southern 
Ocean records enables us to group the 14C data into three different 
oceanographic layers (Fig. 1 and fig. S3). The shallow layer, bathed 

today by AAIW and SAMW, generally follows the atmospheric 
∆14C curve (Fig. 2A) (23) but with a greater ∆14C offset (∆∆14C) 
from the contemporaneous atmosphere during the Last Glacial 
Maximum [LGM; ~22 to 18 thousand years (ka) ago; −230‰; ~1400 
B-Atm. years] than the Holocene (−100‰; ~650 B-Atm. years) 
(figs. S3 and S4). The deep layer, occupied by UCDW today, shows 
the most 14C-depleted signal (Fig. 2B), with a radiocarbon offset 
from the contemporaneous atmosphere of up to −340‰ (~2100 
B-Atm. years) during the LGM, compared to just −160‰ (~1200 
B-Atm. years) during the Holocene. This deep layer became better 
ventilated over the course of the last deglaciation, with marked ex-
cursions to 14C-enriched values (very low B-Atm. ages of ~300 to 
500 years) at 16.3 and 12.8 ka ago (Fig. 3F). The intermediate layer, 
located in the transition zone between AAIW and UCDW today 
(Fig. 1B), has ∆14C values that lie between the deep and shallow 
layers during the LGM and much of the deglaciation (Fig. 2). This 
∆14C gradient was eroded by the early Holocene, with the interme-
diate layer displaying similar values to the deep layer (Fig. 2B), sim-
ilar to the modern water column of the Southern Ocean (Fig. 1B).

DISCUSSION
During the LGM, the combined coral 14C, 11B, and 15N records 
support the hypothesis of limited exchange between the surface and 
deep Southern Ocean (3, 8, 10) (Fig. 3 and fig. S6). The large radio-
carbon age offsets from the contemporaneous atmosphere (~2100 to 
1400 years) seen at all depths (Fig. 3, E and F) indicate enhanced 
isolation of the deep Southern Ocean, which is likely linked to some 
combination of northward shifted frontal systems under cold climate 
(11), surface ocean stratification (10), and reduced air-sea gas ex-
change due to an expansion of sea ice (13). This is also corroborated 
by deep-sea coral 14C data from South of Tasmania (24), which show 
similarly increased radiocarbon age offsets from the contemporaneous 
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Symbols are the same as in (A) and have been separated into deep (orange), intermediate (green), and shallow (blue) layers. LCDW, Lower Circumpolar Deep Water; 
AABW, Antarctic Bottom Water. (B) has been plotted using Ocean Data View software (64).

 on N
ovem

ber 5, 2020
http://advances.sciencem

ag.org/
D

ow
nloaded from

 

http://advances.sciencemag.org/


Li et al., Sci. Adv. 2020; 6 : eabb3807     16 October 2020

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

3 of 9

atmosphere during the LGM (fig. S5). Increased isolation of waters 
at depth at the LGM is further supported by a more pronounced 14C 
gradient between our deep-sea coral–based 14C reconstruction and 
South Atlantic foraminiferal-based 14C reconstruction of waters cur-
rently bathed by the deeper Lower Circumpolar Deep Water (LCDW) 
(fig. S7) (7). Low 11B pH values seen in the deep layers (Fig. 3G and 
fig. S6) point to enhanced dissolved inorganic carbon storage in the 
deeper glacial Southern Ocean (9). At the same time, high 15N values 
indicate an efficient biological pump, with surface nitrate being largely 
consumed in the Antarctic Zone (AZ) (Fig. 3H and fig. S6) (6). Giv-
en low export productivity (Fig. 3I) (25), this high efficiency is very 
likely caused by restricted nitrate supply from the deep ocean to the 
surface (6, 26). These LGM data highlight the value of multiproxy 
deep-sea coral records in documenting the ocean circulation and 
biological activity in the Southern Ocean in sequestering carbon from 
the atmosphere and storing carbon in the deep ocean during the last 
ice ages (3, 10).

Over the course of the last deglaciation, the radiocarbon age offsets 
from the contemporaneous atmosphere are progressively diminished, 
with B-Atm. ages at all depths approaching the late Holocene value 
(~950 years) (Fig. 2 and fig. S6). This happens alongside breakdown 
in the pH gradient between the deep and intermediate layers (9), 
rising export productivity, and a decrease in the efficiency of the 
surface biological pump (Fig. 3 and fig. S6) (6). These combined 
signals in our data point to ventilation of the Southern Ocean interior 
and upwelling of carbon- and nutrient-rich deep waters, enhancing 
export productivity but driving the biological pump toward lower 
overall efficiency. In this scenario, substantial amounts of upwelled 
carbon would evade removal by surface biomass or transport back 
to the ocean interior and escape to the atmosphere, likely contribut-
ing to atmospheric CO2 rise at these times.

The initial phase of the deglacial transition [early Heinrich Stadial 1 
(HS1), ~18.0 to 16.3 ka ago] was characterized by rising atmospheric 

CO2 and marked drops in its 13C and ∆14C, along with rising Antarctic 
temperatures and retreating sea ice (Figs. 2 and 3 and fig. S6). How-
ever, there is little resolvable change in coral records of 14C ventila-
tion compared to the contemporaneous atmosphere and no resolvable 
changes in coral 15N records (fig. S6). Release of old carbon from the 
deep ocean to the atmosphere within the AZ would be expected to 
cause changes in deep ocean ventilation and the extent of surface ni-
trate consumption, neither of which are supported by the deep-sea 
coral data. Our results therefore suggest that processes operating in 
the AZ likely played a minor role in the initial deglacial CO2 rise. 
Other regions and processes may have played a more important role 
at this time, such as reduced iron fertilization in the Subantarctic Zone 
of the Southern Ocean, associated with declining dust flux (fig. S8) 
(27, 28), or increased ventilation of the North Pacific (fig. S7) (29–31).

Superimposed on the overall deglacial CO2 rise are a number of 
abrupt events where atmospheric CO2 increased by up to ~13 parts 
per million in 100 years (14). These events appear to fall into two 
categories with distinct climatic and oceanographic characteristics. 
Rising CO2 at 14.6 and 11.7 ka ago was associated with rapid warm-
ing in the Northern Hemisphere (Fig. 3C) (32), resumption of the 
Atlantic meridional overturning circulation (AMOC) (Fig. 3D) 
(18, 33), a northward shift of the Southern Hemisphere westerly 
winds (34), and rapid drops in atmospheric ∆14C (Fig. 4C). In dis-
tinct contrast, CO2 rises at 16.3 and 12.8 ka ago were associated with 
Northern Hemisphere cooling (Fig. 3C), reduced AMOC, and a 
shift of the westerlies toward Antarctica (34), along with distinctive 
drops in atmospheric 13C and minima in atmospheric ∆14C (Fig. 4, 
B and C). The resolution and dating precision of the new coral-
based data provide a unique opportunity to connect changes in the 
circulation and biogeochemistry of the Southern Ocean to these 
distinctive rises in atmospheric CO2 (14).

During the events associated with rapid Northern Hemisphere 
warming (14.6 and 11.7 ka ago), we observe pronounced low values 
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in coral 15N records, very low pH at intermediate depth, and rela-
tively well-ventilated 14C conditions at all depths (Fig. 3). When 
considered in conjunction with the high opal flux in the AZ (Fig. 3I) 
(25), these combined signals point to strong upwelling of carbon- 
and nutrient-rich deep waters, giving rise to enhanced export pro-
ductivity but a less efficient surface biological pump. This scenario 
would allow rapid release of respired carbon from the deep ocean 
to the upper ocean and the atmosphere (Fig. 3A) and, alongside 
strengthened AMOC, may contribute to decreases in atmospheric 
∆14C (Fig. 4C). The coral 14C data do not show such extreme changes 
as seen in pH and 15N records (fig. S9), likely reflecting a balance 
between mixing up of old 14C-depeleted deep waters and enhanced 
air-sea gas exchange and ventilation associated with shifts in the 
westerly winds (34). In detail, the coral 14C data appear to show a 
slight younging at depth but little change in the upper ocean (fig. S9), 
consistent with increased ventilation being compensated by the 
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transfer of old carbon from deeper to shallower layers. We also note 
that although the coral 15N records show changes in the preceding 
millennia and exhibit some short time scale variability (6), there is a 
shift in the mean state of these data to reach minimum values cen-
tered on these events (Fig. 3H). These transient events were coincident 
with the rapid resumption of the AMOC, including an overshoot in 
the formation of North Atlantic Deep Water (NADW) Fig. 3D) (18, 33), 
as well as rapid Northern Hemisphere warming (Fig. 3C), which 
is thought likely to have triggered changes in the Southern Ocean 
(9, 18, 34, 35). For instance, an associated northward shift in the 
westerlies (34) and the Southern Ocean fronts may have expanded 
the region of upwelling of carbon-rich water (36, 37), although the 
locus of the most intense upwelling is likely to move north. Once 
oceanic cooling is established, via the bipolar seesaw (38), expansion 
of sea ice would reduce wind-driven mixing and CO2 outgassing 
(9), accounting for the transient nature of these signals (Fig. 5A).

The oceanic characteristics of two as yet enigmatic times of ris-
ing CO2 at 16.3 and 12.8 ka ago are in marked contrast to the events 
that are linked to rapid Northern Hemisphere warming (Fig. 3C 
and fig. S9). The 16.3-ka-ago event is a clear centennial CO2 jump, 
while the 12.8-ka-ago event is the start of a more gradual, multi-
centennial CO2 rise. Both time periods are associated with distinc-
tive negative excursions of atmospheric 13C and ∆14C (Fig. 4, 
B and C), AMOC weakening (33, 39), Northern Hemisphere cool-
ing, and Antarctic warming (Fig. 3). Our new deep-sea coral data 
reveal marked increases in 14C ventilation of a nature not hitherto 
seen in the Southern Ocean, which are particularly apparent in the 
deep and shallow layers (Fig. 4). For instance, corals at 1700 m show 
a shift in radiocarbon age of around 1000 years to reach B-Atm. age 
offsets of only 300 to 500 years, much better ventilated than modern 
water masses at these sites (which have B-Atm. ages of ~1200 years) 
and similar to low-latitude surface waters that have reached full 14C 

equilibrium with the atmosphere. Given the inefficient nature of 
14C ventilation in this region today (40), dominated by upwelling of 
old waters and limited atmospheric 14C exchange, these transient 
events represent a major departure from the modern Southern Ocean 
circulation regime.

These ventilation events were short-lived, persisting for less than 
400 years, and were followed by a rapid return to older 14C values 
close to the pre-excursion conditions. Although these time intervals 
were also associated with a southward shift in the Southern Hemi-
sphere westerlies (34), it seems unlikely that associated changes in 
water mass distribution (i.e., greater contribution of well-ventilated 
waters from further north) can explain these radiocarbon excursions 
seen in the deep layer, given that frontal positions were likely still 
further north than during the Holocene (41). Furthermore, given 
the persistence of cold conditions in the north and continued warm-
ing in the south following these events (42), there is no reason to 
expect (nor evidence for) a northward frontal shift only a few hun-
dred years after the onset of these events to explain the return to 
older 14C values. Instead, we invoke transient deepening of the 
mixed layer, perhaps associated with the onset of open-ocean con-
vection, to explain the young radiocarbon ages at these times (Fig. 5B). 
Deepening of the mixed layer, alongside increased air-sea gas ex-
change and reduced reservoir ages, has the potential to more effi-
ciently bring 14C-enriched surface waters to depth compared to 
mixing along isopycnals (40). Open convection has been observed 
in the modern Southern Ocean (43), and it is a relatively common 
feature of coupled climate models, where it occurs associated with 
shifts in the westerly winds and the sea ice edge (44) or changes in 
stratification associated with NADW weakening (45), consistent with 
conditions during these events. Whatever the exact mechanism, 
this pronounced ventilation of carbon in the Southern Ocean’s in-
terior is likely to have allowed outgassing of old, respired carbon 
from deep waters to the upper ocean and the atmosphere, driving 
the rapid rises in atmospheric CO2 and distinctive drops in atmo-
spheric ∆14C and 13C at these times (Fig. 4).

Although a decrease in atmospheric 13C would also be expected 
from Southern Ocean CO2 release during the 14.6- and 11.7-ka-ago 
events, it has been suggested that this potential reduction was over-
whelmed by the impact of extensive surface ocean warming in the 
Northern Hemisphere (Fig. 3) (42). The scarcity of well-calibrated 
coral species during the 16.3- and 12.8-ka-ago events limits the cur-
rent data resolution of both 11B and 15N records. However, the 
available 15N data within AZ hint at a muted response in biological 
pump efficiency, which may reflect the competing influences of en-
hanced vertical mixing but with increasingly well-ventilated and 
nutrient-depleted waters. At the end of these events, the mixed layer 
shoaled and deep convection stopped, a likely consequence of per-
sistent bipolar seesaw-driven warming of the Southern Ocean sur-
face (34, 38), allowing 14C-depleted waters to once again occupy these 
sites. These coral-based data thus provide the first evidence that 
centennial-scale ventilation events occurred in the Southern Ocean 
during the rapid CO2 rise events at 16.3 and 12.8 ka ago.

After these two events, continued southward shift of the wester-
lies and sea ice edge in response to Southern Hemisphere warming 
would have enhanced upwelling and mixing in the Southern Ocean 
and thus promoted persistent transfer of carbon from the ocean in-
terior to the atmosphere on millennial time scales (25, 46). In sup-
port of this, a somewhat enhanced 14C gradient is found between 
the deep and intermediate layers in late HS1 compared to the more 

CO2
CO2

A   14.6, 11.7 ka ago B  16.3, 12.8 ka ago

High upwelling Deep convection

Fig. 5. Schematic of proposed centennial-scale changes in circulation and bio-
geochemical cycling and productivity in the Southern Ocean. (A) During the 
14.6- and 11.7-ka-ago events associated with stronger formation of NADW (orange 
arrow), pronounced upwelling (black arrow) of old, carbon-rich, and nutrient-rich 
water (dark blue shading) to the upper reaches of the Southern Ocean is indicated 
by low-pH values seen in the upper ocean corals (Fig. 3G). This high carbon and 
nutrient flux drove elevated export productivity but with low efficiency of nutrient 
utilization (long green wavy arrow but with transparent shading), leading to rapid 
release of respired carbon from the deep ocean to the upper ocean and the atmo-
sphere (gray wavy arrow). These events were also associated with a rapid north-
ward jump in the westerly winds (circle with dot) and a slower expansion of sea ice 
(rectangle) (9). (B) During the 16.3- and 12.8-ka ago events associated with weaker 
formation of NADW, exceptionally 14C-rich water (light blue shading) is found at all 
coral cites. Export productivity was relatively low, while the nutrient utilization be-
came efficient (short dark green wavy arrow), as carbon- and nutrient-rich waters 
were flushed out (black arrows) and replaced with well-ventilated surface waters. 
These events were also associated with a rapid southward shift in the westerly and 
more slowly retreating sea ice.
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homogeneous 14C distribution during the LGM and early HS1 
(Fig. 3F), which may indicate greater mixing of well-ventilated wa-
ters from further north into the intermediate layer in response to 
the shifting winds. Intensified upwelling of carbon- and nutrient-
rich deep water into the upper ocean is also suggested by increasing 
export productivity and decreasing 15N and intermediate layer 
11B signals at the same time (Fig. 3, G to I). This decrease in the 
extent of surface nitrate utilization and biological pump efficiency 
and the transfer of low-pH carbon-rich waters into the upper ocean 
would have allowed substantial release of carbon to the atmosphere 
during late HS1 and the Younger Dryas. These millennial changes 
culminated in the centennial-scale events at 14.6 and 11.7 ka ago, 
interpreted as maxima in upwelling, associated with transient de-
coupling of the westerlies from ocean temperatures and the sea ice 
edge (9). Carbonate compensation, due to the disturbance in deep 
ocean pH and carbonate ion concentration, would also facilitate 
further carbon release on millennial time scales (47, 48). Consistent 
signals of reorganization in Southern Ocean circulation and bio-
geochemistry are also seen across a variety of other tracers and sites 
at these times (7, 49).

In summary, we have tripled the available resolution of well-
dated radiocarbon data from the Southern Ocean, and by grouping 
these data into different oceanographic layers and coupling with pH 
and biological pump efficiency proxies on a single high-precision 
age scale, we are able to discern distinctive characteristics of differ-
ent mechanisms behind millennial- and centennial-scale CO2 rise 
during the last deglaciation. These combined data provide compel-
ling evidence for the interconnection between shifts in the circula-
tion and biogeochemistry of the Southern Ocean and atmospheric 
CO2. Notably, our results highlight previously undocumented pulses 
of vigorous ventilation of the deep Southern Ocean, associated with 
pronounced deepening of the mixed layer, which can facilitate rapid 
carbon release in the Southern Ocean and explain the mysterious 
atmospheric CO2 increases at 16.3 and 12.8 ka ago.

MATERIALS AND METHODS
Drake Passage deep-sea coral sampling
Drake Passage coral samples were recovered from Shackleton Frac-
ture Zone (60°11′S 57°50′W), Interim Seamount (60°36′S 66°0′W), 
Sars Seamount (59°48′S 68°58′W), Cape Horn (57°10′S 66°06′W), 
and Burdwood Bank (54°30′S 62°10′W) (Fig. 1A), with water depth 
ranging from 316 to 1879 m and bathed today mainly by UCDW, 
AAIW, and SAMW (Fig. 1B). The coral samples were collected us-
ing dredges and trawls on three cruises: LMG0605, NBP08-05, and 
NBP1103 (8, 18). Today, Shackleton Fracture Zone and Interim 
Seamount are located in the AZ and Sars Seamount is on the polar 
front, whereas Cape Horn and Burdwood Bank are located in the 
Subantarctic Zone (Fig. 1A). The deep-sea corals collected at Sars 
Seamount cover a wide-depth range, with relatively high temporal 
resolution at 981 and 1701 m for the last deglaciation (fig. S1). Sam-
ples from Shackleton Fracture Zone and Interim Seamount only 
have a limited depth range and are not so highly resolved. Further 
north, corals collected from Burdwood Bank and Cape Horn are the 
shallowest samples (316 m) that we investigated here (Fig. 1B and 
fig. S1).

Coral samples are grouped into three “depth” ranges (deep, 
intermediate, and shallow) based on the modern geometry of wa-
ter masses in the Southern Ocean (Fig. 1B) and the reconstructed 

14C patterns. The deep layer, bathed today by UCDW, consists of 
Shackleton Fracture Zone (806 to 823 m), Sars Seamount (1323 to 
1750 m), Cape Horn (1874 m), and Burdwood Bank (1419 to 1879 m). 
The intermediate layer [Sars Seamount (692 to 981 m) and Interim 
Seamount (1064 to 1196 m)] is also bathed today by UCDW. The 
shallow layer [Burdwood Bank (318 to 894 m) and Cape Horn (648 to 
1012 m)] is located well above the water masses bathed today by 
UCDW and is occupied by AAIW/SAMW today.

Reconnaissance dating and sample selection
More than 2000 deep-sea corals (Desmophyllum, Caryophyllia, 
Flabellum, Balanophyllia, and Paraconotrochus) have been re
connaissance dated with two different methods: laser ablation U-Th 
dating (50) and 14C dating (51). Only a quarter of these reconnais-
sance ages have been reported in prior publications (18, 50–52). We 
do not report all of the reconnaissance ages here but use these new 
dates for sample selection. The new dating targeted Sars Seamount 
and Cape Horn using the laser ablation U-Th dating method (50) to 
identify samples needed to complete the study. Previously, 59 deep-
sea coral samples from Drake Passage were selected for precise iso-
tope dilution dating and radiocarbon analysis (8, 18). To increase 
the spatial and temporal resolution of the deep-sea coral radio
carbon records, we selected a further 112 samples, mainly from 
Sars Seamount (981 and 1701 m), Burdwood Bank (334 m), and Cape 
Horn (1012 m) (fig. S1). Deglacial deep-sea coral (D. dianthus) 15N 
records at the Drake Passage were previously reported on the basis 
of the less precise reconnaissance time scale (6). Here, we have pre-
cisely dated 33 more samples with published 15N data (fig. S2), to-
gether with 20 samples with published paired U-Th ages and 15N 
data, allowing for direct comparison between deep-sea coral 14C 
and 15N records and other climatic records on submillennial time 
scales.

Isotope dilution U-Th dating
U-series dating was carried out following the established protocols 
in the Bristol Isotope Group at the University of Bristol (18). Briefly, 
ferromanganese and organic coatings or remineralized parts of the 
coral samples were carefully removed with a Dremel tool before ~0.2-g 
samples were cut for chemical cleaning (16). Cleaned samples were 
weighed and dissolved in Teflon beakers using 2 ml of 7 M distilled 
HNO3. A 236U-229Th mixed spike was added to each sample and 
dried down at 180°C on the hot plate. Iron coprecipitation and anion 
exchange columns were used to purify and separate the U and Th 
fractions from the matrix. Typically, 10 samples were processed to-
gether with one U standard (Harwell uraninite standard, HU1) and 
one blank (4 ml of 7 M distilled HNO3) for every batch. U and Th 
isotope ratios were measured using the standard-sample-bracketing 
method using a multicollector inductively coupled plasma mass 
spectrometer (Neptune) connected with an Aridus desolvation sys-
tem (Cetac). The U112a standard was used to bracket samples during 
U isotope measurements, whereas an in-house standard (SGS) was 
used for Th isotope measurements. Quality control was conducted 
by measuring HU1 and Th standards (ThB) at the beginning of ev-
ery batch and after every four samples during analysis. We obtained 
a long-term external precision of ~1‰ for 234U/238U ratios and 2‰ 
for 229Th/230Th ratios based on the replicate measurements of both 
standards. A single uranium spike (236U) was added to the Th frac-
tion and measured on a Faraday cup to normalize the signals during 
peak jumping between 229Th and 230Th (8). The long-term external 
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reproducibility of [230Th/238U] (activity ratio), which was monitored 
by repeated measurements of HU1 standard processed through col-
umn chemistry, was better than 3‰ (n = 36, 2 SD). For the coral 
samples, the initial 230Th was corrected on the basis of the modern-
day 230Th/232Th ratios of the seawater collected near the dredge sites 
(53) and the measured 232Th concentration. The ages were resolved 
using the U-series age equations (54), and the errors, including 
those associated with mass bias corrections, procedural blanks, and 
initial 230Th corrections, were propagated using a Monte Carlo 
method (18).

Relatively large uncertainty in the modern-day 230Th/232Th 
atomic ratio (2 ± 2 × 10−4, 2 SD) applied to correct the initial 230Th 
and in error propagation means that the final age uncertainties 
strongly depend on the 232Th concentrations (fig. S10B). To mini-
mize the influence of initial 230Th contamination on the final age 
uncertainties, coral samples with high 232Th concentrations were 
duplicated to get the lowest possible 232Th concentration. All sam-
ples used for radiocarbon analysis have 232Th concentrations less 
than 2000 pg/g (fig. S10A). Initial 234U ratios vary from 143.8 to 
153.8‰ (fig. S10C), consistent with the 234U range of a closed-
system model, in which we consider the influence of both ocean 
mixing and glacial river flux on the local seawater 234U budget (55) 
and assume that the initial seawater 234U ratio is within ±7‰ of 
the LGM value (144.7‰), deglaciation value (148.7‰), and Holo-
cene value (146.7‰) (fig. S10D) (54, 56, 57).

Radiocarbon analysis and data processing
The radiocarbon data in this study were measured at the UC Irvine 
Keck–Carbon Cycle Accelerator Mass Spectrometer facility and 
Bristol Radiocarbon Accelerator Mass Spectrometry Facility. Sam-
ple preparation for radiocarbon analysis followed previously estab-
lished protocols for the deep-sea corals (8, 17–19, 51). Briefly, about 
20 mg of each sample was first leached with 0.1 M L−1 HCl to remove 
potentially adsorbed CO2 (17). Residual samples (~12 mg) were 
then dissolved in concentrated phosphoric acid in a prevacuumed 
5-ml tube. The generated CO2 gas was graphitized following the hy-
drogen reduction method (17, 58). The 12C, 13C, and 14C isotopes 
were measured by accelerator mass spectrometry simultaneously, 
and the 14C results were normalized to a 13C value of −25‰ and 
were reported as fraction modern (Fm) (where modern is defined as 95% 
of the 1950 CE14C concentration of the NBS oxalic acid I standard 
(NIST-SRM-4990) normalized to a 13C value of −19‰ (59)). The 
blank correction was done by subtracting the Fm of a 14C-dead 
deep-sea coral from Sars Seamount [~145 ka ago, Fm = 0.0023 ± 
0.0011 (n = 23, 2 SD)] from the measured samples.

Radiocarbon activity (∆14C, ‰) in deep-sea corals was calculated 
as ∆14Ccoral = (Fm × e(calendar age/8267) – 1) × 1000 (60), where calendar 
age was obtained by subtracting the time between the year of mea-
surement and the year 1950 from U-Th radiometric age. The ∆14C 
offset (i.e., ∆∆14C) between the seawater and contemporaneous at-
mosphere was directly calculated as ∆14Ccoral − ∆14Catmosphere (fig. 
S3). Because ∆∆14C is also affected by the changing atmospheric 14C 
inventory (8, 61), we also calculated B-Atm. age, which is the radio-
carbon age difference between the seawater (coral) (17) and the 
contemporaneous atmosphere accounting for the varying atmo-
spheric 14C inventory (18). To propagate all of the uncertainties, a 
Monte Carlo method (18) was applied to integrate the errors from 
14C measurements, U-Th age determination, and the IntCal13 at-
mospheric radiocarbon calibration curve (23). This method was 

applied to calculate the error ellipses of ∆14C, ∆∆14C, and B-Atm. 
ages for each sample.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/42/eabb3807/DC1
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