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Breakup of last glacial deep
stratification in the South Pacific
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Stratification of the deep Southern Ocean during the Last Glacial Maximum is thought
to have facilitated carbon storage and subsequent release during the deglaciation as
stratification broke down, contributing to atmospheric CO2 rise. Here, we present
neodymium isotope evidence from deep to abyssal waters in the South Pacific that
confirms stratification of the deepwater column during the Last Glacial Maximum.The
results indicate a glacial northward expansion of Ross Sea Bottom Water and a Southern
Hemisphere climate trigger for the deglacial breakup of deep stratification. It highlights
the important role of abyssal waters in sustaining a deep glacial carbon reservoir and
Southern Hemisphere climate change as a prerequisite for the destabilization of the water
column and hence the deglacial release of sequestered CO2 through upwelling.

T
he Southern Ocean (SO) has long been rec-
ognized as a key player in regulating at-
mospheric CO2 variations and hence global
climate based on the tight coupling be-
tween SouthernHemisphere (SH) temper-

atures and atmospheric CO2 concentrations (1).
Nevertheless, the mechanisms involved are not
fully understood. The most promising explana-
tion includes changes of the biological pump and
its interaction with ocean circulation in the SO,
where CO2 sequestration and release occur be-
cause of the production of new and upwelling of
old deep waters (2–4). The SO therefore acts as
a component of ocean-atmosphere interactions
that is sensitive to changes in climate and the
stability of the water column. Evidence exists
for a stratified deep SO during the Last Glacial
Maximum (LGM) (5, 6), which led to diminished
gas exchange as comparedwith that of today and
the presence of radiocarbon-depleted deepwaters
in the South Pacific (7) overlying better ventilated
bottomwaters (7–9). With the onset of SHwarm-
ingduring the last deglaciation,whichwas approx-
imately coincident with Heinrich Stadial 1 (HS1),
the SO water column became destratified and
well mixed, releasing sequestered CO2 to the
atmosphere and contributing to the deglacial
atmospheric CO2 rise (4–7 ). The proposed de-
stratificationmechanisms include southward-
shifting westerlies and enhanced upwelling (5),

as well as sea ice retreat, associated buoyancy
flux changes, and increased mixing of northern-
and southern-sourcedwaters (10). Here, we show
evidence for a sharp geochemical boundary be-
tween deep and bottom waters in the Pacific
sector of the SO during the LGM. This deep
stratification is defined by distinct neodymium
(Nd) isotope signatures of the deep and abyssal
waters during the LGM, in contrast to a homog-
eneous Nd isotopic composition of the deep to
abyssal South Pacific today (11). We further sug-
gest a role for SH climate in triggering the break-
up of deep stratification, thus setting the stage
for upwelling and release of sequestered carbon.
We used Nd isotopes (143Nd/144Nd, expressed

as eNd) from fossil fish teeth and debris and

planktic foraminifera fromdeep (3000 to 4000m)
to abyssal (>4000 m) water depths in the South
Pacific inorder to reconstruct thehistoryof thedeep-
water column structure over the past 30,000 years
(Fig. 1 and supplementary materials). The eNd
signature of modern Circumpolar Deep Water
(CDW) (eNd = –8 to –9) (11, 12) is largely deter-
mined by mixing between North Atlantic Deep
Water (NADW) with eNd = –13.5 near its source
(13) andNorth Pacific DeepWater (NPDW)with
eNd = –3.5 (14), with additional contributions
from Antarctic Bottom Water (AABW) with
eNd = –9 and –7 in the South Atlantic (12) and
the South Pacific (11), respectively. It is well
documented that end-member eNd signatures
of NPDWandNADW remained constant at least
for the past 2million years (15 ). Ross Sea Bottom
Water (RSBW) acquires its eNd from Antarctic
shelf sediments. Because the Ross Sea shelf re-
ceives its sediments through glacier transport, a
substantial change in the shelf sediment lithol-
ogy would require a change in provenance and/
or flow direction of the glaciers. Thus,we assume
that the RSBW end member remained constant
and that the observed seawater changes are re-
lated to water massmixing. Previous studies sug-
gest that glacial-interglacial and shorter-term eNd
changes of South Atlantic deep water were con-
trolled by changes in NADW export (16–18). We
present evidence from South Pacific deep (E11-2,
PS75/073-2, PS75/056-1, and PS75/059-2; 3109
to 3613 m water depth) and abyssal (PS75/054-1;
4085 m water depth) (Fig. 1 and table S1) sedi-
ment cores that indicates instead a strong ad-
ditional SH climate control on the development
of the SO deepwater structure and eNd compo-
sition over the past 30,000 years.
All cores have independent age models based

on tuning benthic or planktic d18O records to the
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Fig. 1. Modern hydrography and core locations in the South Pacific. (A) Zonal section [along
stippled line in (B)] of dissolved oxygen (color) (45) and salinity (contours) (46), with depth locations
of studied cores, major deepwater masses, and modern (white) and LGM (black) eNd values at
each core site. (B) Core locations, including reference core MD97-2120, and major Antarctic fronts
(47). APF, Antarctic Polar Front; SAF, Subantarctic Front; STF, Subtropical Front.
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well-dated core MD97-2120 (19, 20), except for
PS75/054-1, which is tied to PS75/056-1 by using
x-ray fluorescence rubidium scans in both cores,
a proxy for dust content (supplementary mate-
rials). The cores cover the depth range ofmodern
lower to upper CDW (L/UCDW) and are there-
fore ideal for monitoring the deglacial evolution
of the deep South Pacific water column structure
(Fig. 1 and supplementarymaterials). Nd isotopes
show lateHolocene core-top values of –8.3 (PS75/
073-2) and –7.2 to –7.7 (PS75/059-2, PS75/056-1,
andE11-2), which is consistentwithmodernCDW,
with slightly different contributions fromNPDW
and NADW related to the difference in depth
and latitudinal position of the cores (Fig. 1 and
fig. S3) (11). The deepest core (PS75/054-1) lacks
Late Holocene sediments, but modern hydrog-
raphy at the core site indicates the presence of
LCDW (Fig. 1A and supplementary materials).
This core is currently located close to the bound-
ary of LCDW and RSBW (the South Pacific
contribution to AABW). Considering that the
temporal resolution of the core is low after HS1,
with the observed changes only supported by
individual data points, we restrict our discussion
related to this core to the LGM and HS1.
During the LGM, the average eNd at the deep

sites was consistently at ~–6 (Figs. 1A and 2, E
toH), suggesting that onehomogeneouswatermass
occupied the deep South Pacific. By contrast, at
abyssal depth, a more negative eNd of –7.5 ± 0.2
(n = 5) prevailed throughout the LGM and early
deglaciation, suggesting reduced mixing between
deep and abyssal waters and a northward ex-
pansion of RSBW (eNd = –7) (Figs. 1A and 2D) (11).
The deglaciation in thedeep cores (PS75/056-1 and
PS75/073-2) wasmarked by an eNd decrease that
started at the beginning of the first SHwarming
(W1) at ~18.8 and~17.3 thousand years ago (ka ago),
respectively (Fig. 3), which is coincident with
HS1 in the Northern Hemisphere (NH) (Figs. 2
and3) (21). A brief halt in the eNd decrease in these
cores occurred during theAntarctic ColdReversal
(ACR), and a second eNd decrease was synchro-
nous with the second SH warming starting at
~12.8 ka ago (W2) (Fig. 2). In thenorthernmost core
PS75/059-2, LGM eNd values of ~–6 persisted until
at least 13.4 ka ago, followed by an eNd decrease
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Fig. 2. Evolution of the SO water column
structure, NADW formation, and climate over
the past 30,000 years. (A) Greenland ice
core d18O (48). (B) eNd of western North Atlantic
core GGC6 (22). (C) eNd of South Atlantic cores
RC11-83 (16) and MD07-3076 (17). (D to H) Fish
teeth and planktic foraminifera eNd of South
Pacific cores (this study). Vertical error bars are
propagated errors (supplementary materials).
(I) European Project for Ice Coring in Antarctica
(EPICA) Dome C ice core dD (49, 50). (J) West
Antarctic Ice Sheet (WAIS) ice core d18O
(51). (K) Opal fluxes from the South Atlantic (core
TN057-13PC) representing SO upwelling (5).
SH warming episodes W1 and W2 [after (21)]
roughly correspond to NH cold phases HS1
and Younger Dryas.
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during W2 that coincided with the second eNd
decrease in the other cores. This difference in
timing is real and cannot be explained by age
model uncertainties (supplementary materials).
Similarly, the first eNd decrease in core E11-2
started at mid-W1, with some delay relative to
the deeper cores; the difference in timing is,
however, close to the age model uncertainty.
The homogeneous LGM deepwater eNd of ~–6

in the South Pacific is in line with a reduced
incorporation of unradiogenic NADW into SO
watermasses. Thismay be explained by reduced
formation and southward export ofNADWduring
the LGM (22, 23). In addition, despite continu-
ous formation of North Atlantic Component
Water (NACW) (24, 25), a decoupling of the
upper (northern sourced) and lower (southern
sourced) circulation cells in the Atlantic during
the LGM (10) would also have prevented an in-
corporation of the North Atlantic signal into the
SO. The slightly more radiogenic glacial eNd in
the South Pacific (eNd = –6) relative to the South
Atlantic (eNd = –6.5 to –7.3) (16, 18) results from
the higher influence of radiogenic Pacific deep
water and/or less direct influence of NADW in
the Pacific. The most radiogenic glacial South
Atlantic eNd of –5.5 (17 ) has previously been re-
lated to higher Pacific influence in the central
southwest Atlantic (24). The distinct abyssal
South Pacific LGM eNd of –7.5 (PS75/054) dif-
fers from glacial CDW (eNd = –6) and modern

NPDW (eNd = –3.5) (14) but is similar to modern
RSBW (eNd = –7 ± 0.5) (11).
Today, AABW is formed over the Antarctic

shelves and spreads northward at abyssal depth.
Outside the SO, abyssal water is largely repre-
sented by LCDW. For the LGM, it was suggested
that AABW extended far into the North Atlantic
asNADWshoaled (22, 23). That is, AABWchanges
have largely been explained on the basis of the
dependent interplay between theupper and lower
circulation cells in theAtlantic (16, 18, 22–24). The
exclusive history of AABW, however, is relatively
unstudied. The eastern South Pacific is located
at the far end of the NADW flow path, and our
cores should therefore document the history of
RSBW and CDW without being masked by di-
rect influence of fluctuatingNADWcontributions.
Moreover, NPDW formation can be considered
constant during both the LGMand theHolocene,
although there are reports of increased NPDW
formation during HS1 (26). Changes in NPDW
can thus be excluded as a possible agent con-
trolling South Pacific abyssal water eNd during
the LGM and Holocene. Our observed glacial
abyssal eNd of –7.5 togetherwith the eNd contrast
to overlying deep waters (eNd = –6) therefore
provide direct evidence for glacial northward ex-
pansion of RSBW and reduced mixing between
the deep and bottom layer (Fig. 4). This is in line
with previous suggestions of increased glacial
presence of RSBW in the southwest Pacific (8)

and increased glacial formation and export of
AABW into the Pacific (27).
The glacial deep stratification inferred from

different eNd above and below ~3500 to 4000m
water depth is consistent with salinity and den-
sity reconstructions that show a clear separa-
tion between very high-density bottom water at
3600mand lower-density water at 3200m in the
SO (28, 29). This high density of SO bottomwater
during the LGM together with a reduced flow
speed of theAntarctic Circumpolar Current (ACC)
north of the Antarctic Polar Front (APF) (30)
would have reduced diapycnal mixing at depths
where mixing occurs today through interaction
of abyssal current flow with bottom topography
(31). A glacial northward expansion of extreme-
ly dense (29) RSBW and isolation from overlying
deep water may have further stabilized the deep-
water column in the South Pacific and hence
facilitated efficient deepwater carbon storage
(7, 17, 32).
The deglacial deepwater eNd decrease during

W1 (HS1) is a pervasive feature of SO deepwater
records (Fig. 2, C and F to H) and has previously
been associated with the resumption of NADW
formation and incorporation of its unradiogenic
eNd into CDW (17, 18, 33). Yet, this initial eNd de-
crease in all but one available record (18) from
the SO predated NADW reinvigoration in the
deep North Atlantic (Fig. 2) (22). That is, the ob-
served SO-wide deglacial eNd decrease cannot
be explainedby increased supply of unradiogenic
NACW to the SO. The coincidence of the ubiq-
uitous SO deepwater eNd decrease with SH cli-
mate warming instead suggests a SH/SO control.
The high density of RSBW is acquired through
brine rejection during sea ice formation in cold
climates. SH warming will reduce sea ice for-
mation and thus brine rejection, leading to a
decrease in bottom water density (28). A weak-
ening of the density contrast between deep and
bottom waters together with increasing ACC
strength (30), and hence enhanced flow over
bottom topography, would have been conducive
to vertical mixing at depth (31). The resulting
destratification of the deep SO would lead to
the observed deepwater eNd decrease, concurrent
abyssal water eNd increase, and trend toward a
geochemically homogeneous deep to abyssal SO
during mid-deglaciation as a result of upward
mixing of less radiogenic RSBW/AABW (Figs. 2
and 4). The Ross and Weddell Seas are two
main sites of modern AABW formation, and the
bottom waters formed there have distinct eNd
signatures of –7 and –9, respectively (11, 12).
These distinct signatures can explain the ob-
served differences in the deglacial eNd ampli-
tudes in the South Pacific and South Atlantic
during W1 (LGM to 15 ka ago: ~1 eNd and ~2 eNd
units, respectively) (Figs. 2C and 3) and the SO-
wide early deglacial eNd decrease. Additionally,
increasing incorporation of NACW (or Glacial
North Atlantic Intermediate Water above 2 km)
(34) into SO deepwaters through increasedmixing
between the upper (NACW-bearing) and lower
[Southern Component Water (SCW)–bearing]
circulation cells (10) could have also decreased
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Fig. 3. Comparison of South Pacific eNd time series and Antarctic climate over the past
30,000 years. (A) Downcore eNd records from deep South Pacific cores. (B) EPICA Dome C ice
core dD (49, 50). (C) d18O record of WAIS ice core (51). (D) Atmospheric CO2 concentrations from
EPICA Dome C ice core (49, 50, 52).
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the eNd of CDW. However, given the physical con-
straint of the Drake Passage (~57° to 61° S, sill
depth ~2000 m), which prevents a meridional
net geostrophic flow across this latitude band
for waters shallower than the sill depth (35, 36),
we consider this mechanism less important.
The delayed response to W1 in the northern-

most core PS75/059-2 (at 12.1 ka ago) is robust and
outside the age model uncertainty, whereas the
smaller delay in the shallowest core E11-2 (change
at 15.6 ka ago) is close to the agemodel uncertainty
(supplementary materials). Under modern con-
ditions, core PS75/059-2 exhibits strongerNPDW
influence than the other core sites that are dom-
inantly influenced by LCDW (Fig. 1) (11). The eNd
decrease seen in LCDW-influenced cores during
W1 may hence not have affected PS75/059-2.
On the basis of reduced radiocarbon ventila-

tion ages in the deep Cape Basin (41° S) (37)
during the Bølling-Allerød (B-A; approximately
at the same time as the ACR), Barker et al. (37)
argued for strongly enhanced southward flow of
NADW. A northern source of this well-ventilated
water is, however, not confirmed by Nd isotope
results and was instead suggested to indicate
ventilation by SCW (17). Similarly, we see no
evidence for increased incorporation of NACW
into CDW during the ACR in the South Pacific,
nor is this seen in any other independently dated
SO eNd record (Fig. 2) (17, 38). A change in the
North Atlantic eNd end member toward more ra-
diogenic values exclusively during the B-A/ACR
period that could explain the lacking eNd decrease
at this time is unlikely. Such an endmember eNd
change would be at odds with existing eNd rec-
ords in the deep North Atlantic that show un-
radiogenic eNd during the B-A (18, 22) along with
evidence for the long-term stability of the North
Atlantic eNd end member (39, 40). Instead, 14C-
based evidence suggests that the deep North and
SouthAtlanticwere equallywell ventilated during

the ACR (41), indicating that the SO cannot have
been exclusively ventilated by NADW. We sug-
gest that although the ACR was a time of active
NADW formation, making it quite different from
the LGM in the NH, the ACR boundary con-
ditions in the SHwere akin to glacials, albeit less
pronounced. Thus, similar to glacials, NADW in-
corporation into the SO during the ACR would
have been restricted in response to reduced mix-
ing between the NACW and SCW cells in the
Atlantic (10, 32). This may have been promoted
by northward-shifted westerlies similar to those
of the LGM (42) in response to southern cooling,
hampering the southward pull of NADW (35).
With the onset of W2, mixing between the cells
increased because of SH warming and sea ice
retreat (10), a southward shift of the westerlies,
and resulting increase inNADWsouthward pull
(43), leading to the final incorporation of NACW
into CDW despite reduced NADW formation at
this time (the Younger Dryas stadial) (22). That
is, SH processes initialized the establishment of
modern conditionswithNACWbeingmixed into
CDW, explaining the second eNd decrease in the
deep South Pacific.
Although a high-density contrast betweendeep

and abyssal waters has been suggested on the
basis of porewater chloride measurements (29),
clear evidence of deep-abyssal stratification in
the SO has been elusive. Our results show that
RSBW expanded during the LGM, occupying the
abyssal South Pacific to at least ~4000 m water
depth, and was sharply separated from overlying
deep water (Fig. 4). This may have further sta-
bilized a stratified deep ocean, a scenario condu-
cive to carbon accumulation in deep waters. The
timing of W1 in the SH is well synchronized with
deep-abyssal destratification indicated by a de-
crease in SO deepwater eNd (trend toward eNd
homogenization) and also suggested on the basis
of carbon isotopes (44). At the same time, a wind-

driven upwelling pulse occurred in the SO that
was suggested to have released old carbon stored
in the deep SO to the atmosphere (Fig. 2) (5).
However, an additional prerequisite for the ini-
tial deglacial CO2 release is the breakup of strat-
ification in the deep-abyssal SO. Our data now
provide evidence that this deep-abyssal destrat-
ification occurred in response to the initial de-
glacial SH warming. Thus, both deep vertical
mixing and wind-driven upwelling were in-
strumental in the release of accumulated car-
bon from the deep SO to the atmosphere during
Termination 1.
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input to SO strongly reduced/absent. RSBW (eNd = –7.5) extends
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(gCDW) (eNd = –6). (B) Early deglacial: SO warming during W1 leads to
destratification at depth and increased mixing of RSBW into CDW,

changing the CDW eNd to ~–6.5. Atlantic contribution is still attenuated.
Core PS75/059-2 is isolated from early deglacial SO processes.
(C) Holocene and modern: Strengthening of the Atlantic Meridional
Overturning Circulation and SO warming lead to incorporation of NADW
into CDW (10), changing its eNd signature to –8. RSBWdoes not extend
to deepest site (PS75/054-1).
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as has been thought.
that North Atlantic processes were not the dominant control on Southern Ocean water-mass structure during that interval,
Pacific was stratified, just as would be necessary for the accumulation of old, carbon-rich water. Their data also show 

Southpresent measurements of neodymium isotopes that clearly show that the deepwater column of the glacial southern 
et al.which then released its charge when Southern Ocean stratification broke down as the climate there warmed. Basak 

Evidence has begun to accumulate suggesting that old, carbon-rich water accumulated at depth in the Southern Ocean, 
Why did the concentration of atmospheric carbon dioxide rise so much and so quickly during the last deglaciation?
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