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Super-slow circulation allowed world's oceans to
store huge amounts of carbon during last ice age

The way the ocean transported heat, nutrients and carbon dioxide at the peak of the
last ice age, about 20,000 years ago, is significantly different than what has
previously been suggested, according to two new studies. The findings suggest that
the colder ocean circulated at a very slow rate, which enabled it to store much more
carbon for much longer than the modern ocean.

The way the ocean transported heat, nutrients and carbon dioxide (CO;) at the peak
of the last ice age, about 20,000 years ago, is significantly different than what has
previously been suggested, according to two new studies. The findings suggest that
the colder ocean circulated at a very slow rate, which enabled it to store much more
carbon for much longer than the modern ocean.

Using the information contained within the shells of tiny animals known as
foraminifera, the researchers, led by the University of Cambridge, looked at the
characteristics of the seawater in the Atlantic Ocean during the last ice age, including
its ability to store carbon. Since atmospheric CO, levels during the period were about
a third lower than those of the pre-industrial atmosphere, the researchers were
attempting to find if the extra carbon not present in the atmosphere was stored in
the deep ocean instead.

They found that the deep ocean circulated at a much slower rate at the peak of the
last ice age than had previously been suggested, which is one of the reasons why it
was able to store much more carbon for much longer periods. That carbon was
accumulated as organisms from the surface ocean died and sank into the deep
ocean where their bodies dissolved, releasing carbon that was in effect ‘trapped'
there for thousands of years. Their results are reported in two separate papers in
Nature Communications.

The ability to reconstruct past climate change is an important part of understanding
why the climate of today behaves the way it does. It also helps to predict how the
planet might respond to changes made by humans, such as the continuing emission
of large quantities of CO, into the atmosphere.

The world's oceans work like a giant conveyor belt, transporting heat, nutrients and
gases around the globe. In today's oceans, warmer waters travel northwards along
currents such as the Gulf Stream from the equatorial regions towards the pole,
becoming saltier, colder and denser as they go, causing them to sink to the bottom.
These deep waters flow into the ocean basins, eventually ending up in the Southern
Ocean or the North Pacific Ocean. A complete loop can take as long as 1000 years.

During the period we looked at, large amounts of carbon were likely transported
from the surface ocean to the deep ocean by organisms as they died, sunk and
dissolved said Emma Freeman, the lead author of one of the papers. This process
released the carbon the organisms contained into the deep ocean waters, where it
was trapped for thousands of years, due to the very slow circulation.

Freeman and her co-authors used radiocarbon dating, a technique that is more
commonly used by archaeologists, in order to determine how old the water was in
different parts of the ocean. Using the radiocarbon information from tiny shells of
foraminifera, they found that carbon was stored in the slowly-circulating deep
ocean.

In a separate study led by Jake Howe, also from Cambridge Univ., researchers
studied the neodymium isotopes contained in the foraminifera shells, a method
which works like a dye tracer, and came to a similar conclusion about the amount of
carbon the ocean was able to store.

We found that during the peak of the last ice age, the deep Atlantic Ocean was filled
not just with southern-sourced waters as previously thought, but with northern-
sourced waters as well, said Howe.

What was previously interpreted to be a layer of southern-sourced water in the
deep Atlantic during the last ice age was in fact shown to be a mixture of slowly
circulating northern- and southern-sourced waters with a large amount of carbon
stored in it.

Our research looks at a time when the world was much colder than it is now, but it's
still important for understanding the effects of changing ocean circulation, said
Freeman. We need to understand the dynamics of the ocean in order to know how it
can be affected by a changing climate.
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North Atlantic Deep Water Production during
the Last Glacial Maximum
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& Germain Bayon®

Changes in deep ocean ventilation are commonly invoked as the primary cause of lower
glacial atmospheric CO,. The water mass structure of the glacial deep Atlantic Ocean and
the mechanism by which it may have sequestered carbon remain elusive. Here we present
neodymium isotope measurements from cores throughout the Atlantic that reveal
glacial-interglacial changes in water mass distributions. These results demonstrate the
sustained production of North Atlantic Deep Water under glacial conditions, indicating that
southern-sourced waters were not as spatially extensive during the Last Glacial Maximum as
previously believed. We demonstrate that the depleted glacial §'3C values in the deep Atlantic
Ocean cannot be explained solely by water mass source changes. A greater amount of
respired carbon, therefore, must have been stored in the abyssal Atlantic during the Last
Glacial Maximum. We infer that this was achieved by a sluggish deep overturning cell,
comprised of well-mixed northern- and southern-sourced waters.
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hanges in Atlantic Meridional Overturning Circulation are

important in controlling glacial-interglacial climatic shifts

due to their role in regulating heat transport in the surface
ocean and carbon storage in the deep ocean!?. Nutrient-based
proxy reconstructions suggest that overturning circulation in
the Atlantic during the Last Glacial Maximum (LGM) was
different to that of the modern ocean®~>. These nutrient proxy
reconstructions are often interpreted as indicating that during
the LGM North Atlantic Deep Water (NADW) shoaled to
form Glacial North Atlantic Intermediate Water (GNAIW) and
was completely replaced by southern-sourced water in the deep
Atlantic (>2.5km)%’. However, elucidation of the water mass
distribution in such reconstructions is complicated by the fact
that the nutrient content of deep waters may vary independently
of their source and dynamics®; meanwhile, modelling studies of
glacial Atlantic overturning have produced conflicting results’.

In the modern ocean Antarctic Bottom Water (AABW), which
is formed in the high latitude Southern Ocean, represents a
major inefficiency in the biological pump—the name given to
the biologically mediated processes which sequester carbon in
the deep ocean. In this region, deep waters are upwelled to
the surface, allowing dissolved carbon to be outgassed to the
atmosphere, but these waters sink again before their nutrient load
can be fully consumed by marine organisms, thus they are said to
have a high-preformed nutrient concentration'®, The formation
of NADW and AABW, and their resultant proportions in the
deep ocean thus controls the preformed nutrient concentration of
the deep ocean, which, in part, controls atmospheric pCO,
(ref. 11). Ice core records show that atmospheric CO,
concentrations rose by ~90p.p.m. between the LGM and the
Holocene!2. However, considered in isolation, the replacement of
high-preformed nutrient AABW with low-preformed nutrient
NADW, which has been suggested to have occurred across
the last deglaciation, would have increased the efficiency of
the biological pump and thereby decreased atmospheric CO,
(refs 11,13). If our current understanding of glacial-interglacial
circulation changes is correct then other parts of the carbon cycle
must have counteracted the effects of switching from the GNAIW
to NADW mode of deep water formation across the deglaciation.
Alternatively, nutrient proxy reconstructions of the Atlantic may
be recording carbon cycle changes rather than differences in
water mass sourcing.

Neodymium isotopes are a water mass tracer independent of
biological processes, allowing deconvolution of changes in water
mass sourcing and nutrient regeneration!%. Modern NADW has a
characteristic &ng value (normalized *3Nd/!*4Nd ratio in parts
per ten thousand) of —13.5 (ref. 15) while seawater in the
deep Southern Ocean shows &g values around — 8.5 (ref. 16),
because it has a greater proportion of Pacific Deep Water (PDW)
which has an exg of —3.5 (ref. 17). Away from continental
margins water masses throughout the deep ocean reflect the
quasi-conservative mixing of these deep water masses'®. Planktic
foraminifera from sea-floor sediment cores have been shown to
successfully preserve bottom water &yng, thereby offering an
archive of past seawater &yq (ref. 18).

Here we present Holocene and LGM seawater é&ng
reconstructions, based on foraminiferal ¢yq measurements from
24 cores (Supplementary Table 1, Supplementary Fig. 1) spanning
from 46° S to 40° N in the Atlantic Ocean. These reconstructions
are used to decipher the nature of changes in Atlantic water
mass distributions between glacial and interglacial conditions.
Although the LGM reconstruction shows more radiogenic
neodymium isotope values than the Holocene profile, the
observation of less radiogenic values in the deep North Atlantic
than the deep South Atlantic indicates that NADW was produced
under glacial conditions. When compared with benthic

foraminiferal carbon isotope values, the neodymium isotope
measurements reveal that more respired organic carbon was
stored in the deep Atlantic Ocean during the LGM than in the
Holocene.

Results

Core top foraminiferal gyq versus seawater &ng. Figure 1 cross
plots the Holocene foraminiferal eyq values (Supplementary
Tables 2 and 3) against the nearest available published seawater
ena measurements. Data points were only included in the cross
plot if the seawater measurements were within both 10° of
latitude and longitude and within 500 m depth of the core site.
Most of the data points on the cross plot are within error of the
1:1 line, indicating that foraminifera are faithfully preserving
seawater eyg. Despite the distance criteria outlined above being
applied, the three data points which are outside of error of the 1:1
line are likely due to the seawater data not being of sufficiently
close proximity to represent the water mass bathing the core sites.
This effect is likely to be particularly prominent in site locations
that are near water mass boundaries.

Holocene Atlantic &yg reconstruction. We gridded our
Holocene foraminiferal eyq measurements (Supplementary
Table 2) with suitable published data (Fig. 2c). The published
data includes results from measurements made on foraminifera,
fish debris, high resolution crusts and leachates (Supplementary
Tables 3 and 4). As some measurements made on leachates have
been shown to be susceptible to contamination by the detrital
fraction'®?0, results from sites where the core top leachate eyqg
values deviated significantly from nearby seawater values were
excluded from the reconstruction. The data points included from
the crusts BM1969.05 and TR079 D-14 (Supplementary Table 4)
were dated outside of the definition of the LGM used for selecting
sediment core data (23-18 ka); however, the records from these
crusts were used to argue for the stability of seawater eng across
glacial-interglacial ~cycles in their respective locations?!.
The slightly older glacial data points from these crusts were
therefore deemed appropriate for inclusion in the LGM time slice.
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Figure 1| Core top foraminiferal ¢yq versus seawater gyg. Modern open
Atlantic seawater'>16.5556 ¢ . cross plotted against Holocene Atlantic eng
measurements made on uncleaned planktic foraminifera in this work
(black squares; Supplementary Table 2) together with previously reported
foraminiferal values used in this work (red squares; Supplementary

Table 3)'858, Error bars are 26 external errors. A 11 line is also plotted.
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Figure 2 | Atlantic seawater gyg and Holocene gyg reconstruction. (a) Modern seawater gyg profile from 50° S to 53° N for the western Atlantic and the
eastern Atlantic Ocean south of the Walvis Ridge with data points indicated by large black dots'>835. (b) Map showing location of seawater eng profiles.
(€) Reconstruction of Holocene Atlantic eng With data points indicated by large black dots (data is listed in Supplementary Tables 2,3 and 4). (d) Map

22

showing location of sites used in the Holocene and LGM reconstructions. Figure created using Ocean Data View software<<.

DIVA gridding was performed using Ocean Data View?? with the
‘signal-to-noise ratio’ variable set to a value of 25. This variable
determines how much a single data point is able to influence the
overall plot and this level was chosen to reduce the influence of
single data points, as was done by Curry and Oppo*.

The Holocene reconstruction shows the most unradiogenic &g
values, around — 13, below 1,500 m at the northernmost extent of
the plot (Fig. 2c). These values become more radiogenic to the
south, with the greatest propagation of this unradiogenic signal
centred at 2,000-4,000m water depth. This is surrounded by
areas with more radiogenic eng values, from —8 to — 10, at all
depths south of 25° S; below 4,000 m from 25° S to the equator;
and above 1,500 m at all latitudes. Although the data set is
not as extensive as that used in 8'>C reconstructions?, this
reconstruction replicates the salient features of the seawater eng
(Fig. 2a). The only significant mismatches are above 1,000 m at all
latitudes and below 4,000 m north of 40° N; in these regions the
gridding procedure extrapolates from the nearest data point to
the edge of the profile due to a lack of data based constraints.
These areas should therefore be interpreted with caution and for
this reason the depth range of 0-1,000m is excluded from later
reconstructions.

Last Glacial Maximum Atlantic &g reconstruction. The good
correlation between seawater &yg and the salinity profile of the
modern Atlantic?®> demonstrates that the modern seawater &xg
profile is the result of mixing between northern- and southern-
sourced water masses. Collectively, these observations provide
confidence that this selection of cores can be used to constrain
past Atlantic water mass distributions below 1,000 m. The LGM
ena reconstruction (Fig. 3b) shows the most unradiogenic values
around — 12.5 between 1,500 and 2,000 m extending from the
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Figure 3 | Holocene and LGM Atlantic ¢yg reconstructions. (a) Holocene
and (b) LGM (23-18ka) reconstructions of eyg of the Atlantic Ocean from
50° S to 53° N measured on uncleaned foraminifera in this study and
published authigenic data (Supplementary Tables 2,3 and 4)18:2125.26,32,56-59,
Core sites are given by the black dots; locations are plotted in Fig. 2d and
Supplementary Fig. 1. Depths from O to 1,000 m have been left blank due to a
lack of data. Figure created using Ocean Data View software?2,

North Atlantic to ~ 10° N which then transition to values around
— 8 at 40° S. In contrast, the deep North Atlantic is occupied by a
homogeneous water mass with an &yg around — 10.5; enq values
become more radiogenic to the south, reaching — 5.5 at 45° S.
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The largest differences between the LGM and modern Atlantic
profiles occur below 2,500 m (Fig. 3); the deep North Atlantic
shifts from &yg values around — 10.5 in the glacial to —13.5 in
the modern ocean, whilst the deep South Atlantic shifts from
—5.5 to —8.5. This coherent spatial pattern of changes in &xg
values in the Atlantic between the LGM and the Holocene
(Fig. 3b) is consistent with a change in water mass advection and
indicates there was a greater influence of southern-sourced waters
in the deep Atlantic under glacial conditions.

Discussion

The change observed in the deep South Atlantic between the
LGM and Holocene (Fig. 3) is consistent with a lower flux of
NADW into the Southern Ocean under cooler, glacial
conditions?*2>, This lower flux of NADW resulted in the deep
Southern Ocean being filled with a greater proportion of water of
Pacific and Indian Ocean origin that was more radiogenic in
composition than Atlantic-sourced deep water’®~28, The deep
South Atlantic, however, remained less radiogenic than the deep
Pacific?®?8, requiring a source of unradiogenic neodymium to
the deep South Atlantic under glacial conditions. Furthermore,
the deep North Atlantic was less radiogenic than the deep
South Atlantic during the LGM (Fig. 3b); this implies that
northern-sourced water with its unradiogenic &ygq must have been
exported to abyssal depths under glacial climate conditions. The
mixing of GNAIW with denser southern-sourced waters is
deemed an unlikely explanation given the large amount of energy
required to mix these intermediate waters down to abyssal depths
in the North Atlantic. Rather, these observations suggest that two
glacial North Atlantic-sourced water masses existed during the
LGM: GNAIW at depths above 2,500m and denser Glacial
NADW (GNADW)?* below 2,500 m.

The inference of a lower flux of GNADW under glacial
conditions®* than NADW in the Holocene resulting in a more
radiogenic composition of Glacial AABW (GAABW) than
AABW would cause the deep Atlantic to exhibit more
radiogenic engq values without a change in the water mass
mixing proportions in the deep Atlantic. By taking this
end-member change of deep southern-sourced water eyq into
account, however, our results can be used to calculate the
proportion of the Atlantic ventilated by NADW (%NADW) both
in the Holocene and during the LGM (Supplementary Table 5),
and thus elucidate changes in water mass mixing proportions
from the effect of the change in the AABW end-member
composition. In each case three end-members were required;
namely NADW; AABW and Antarctic Intermediate Water, or
their glacial counterparts (Supplementary Fig. 2). A binary
mixing calculation was performed between a northern- and a
southern-sourced water mass at each core site using equation (1).
The choice of southern-sourced water varied with depth and
latitude according to the observed boundary between Antarctic
Intermediate Water and Lower Circumpolar Deep Water as
defined by a salinity of 34.7 psu (ref. 30) and the gradient in
neodymium concentration (but not &eyg) between them in the
Atlantic sector of the modern Southern Ocean'®.

% NADW =

[Nd] ssw(SNd(NADw) - SNd(ssw))

x 100
[Nd]spwendnapw) — [INd]ggwend(ssw) — ENdENd(NADW) T ENd(ssW)ENd

(1)

The modern seawater &yg and [Nd] end-member values were
taken from published seawater data (Supplementary Fig. 2).
For the glacial ocean, the exq and [Nd] of NADW and PDW were
kept constant; suPport for the stability of the eyg of both comes
from crust data3! whilst there is, at present, no proxy for past

neodymium concentration available. The more radiogenic exg of
GAABW was taken from a South Atlantic record of benthic
foraminifera3? and the concentration calculated by conservative
mixing of NADW and PDW (ref. 16). Unlike records from the
deep South Atlantic?®32, the new intermediate depth glacial
foraminiferal eyq data from the South Atlantic measured in this
work exhibit no changes between the LGM and the Holocene
(GeoB2107-3 and GeoB2104-3; Supplementary Table 2), so
the neodymium composition of Glacial Antarctic Intermediate
Water was assumed to be the same as in the modern ocean.
This observation clearly demonstrates that the intermediate
and deep South Atlantic were isotopically distinct in terms of
neodymium during the LGM, reinforcing the need for two
distinct southern-sourced end-member water masses in the
mixing calculations.

Figure 4 shows the %NADW values calculated for the
Holocene and LGM Atlantic gridded into meridional sections
using the same technique employed for the &g data profiles
plotted in Fig. 2. In the LGM é&yq profile (Fig. 3b), the most
radiogenic values, around — 5.5, are observed at 4,000m depth
in the South Atlantic, whereas less radiogenic values,
around — 6.5, are seen at ~5,000m at the same latitude. The
more radiogenic values come from the Mid-Atlantic Ridge; the
less radiogenic from the Cape Basin, which lies to the east of the
Mid-Atlantic Ridge. The eyq difference between these sites likely
reflects a longitudinal mixing gradient between radiogenic,
Pacific-derived, circumpolar waters?® and less radiogenic
North Atlantic derived waters?®. A similar phenomenon is seen
in modern seawater data from the South Atlantic although the
offset is less pronounced'®. The results from the deep Cape
Basin?® were, therefore, excluded from the mixing proportion
plots in Fig. 4 as the longitudinal gradient in eyq observed in the
deep South Atlantic obscures the latitudinal mixing gradient
which is the primary interest here.

The gridded profile of the Holocene %NADW results (Fig. 4a)
shows the Atlantic north of 20° N and below 1,500 m depth is
mostly (>90%) NADW. %NADW decreases at all depths to the
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Figure 4 | Holocene and LGM NADW percentage. NADW percentage
(%NADW) calculated for the Atlantic Ocean from 50° S to 53° N in the
(a) Holocene and during the (b) LGM (23-18 ka) using authigenic eng.
Depths from O to 1,000 m have been left blank due to a lack of data. Figure
created using Ocean Data View software?2.
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south, with the 50% mixing line occurring near 10° S at 5,000 m,
but not until 30° S from 2,000 to 4,000 m. The LGM %NADW
contours, including the 50% contour, (Fig. 4b) are similar to the
Holocene profile above 2,500 m (Fig. 4a). The greatest difference
between the two plots occurs below 2,500 m in the North Atlantic,
which has significantly less NADW in the LGM profile
(55-80% NADW) than in the Holocene profile (>90% NADW).
From this observation it is clear that there was a greater
proportion of southern-sourced waters in the deep Atlantic
during the LGM than in the Holocene; however, it is also
clear that the deep Atlantic was not occupied solely by southern-
sourced waters during the LGM.

Although changes in the proportion of NADW in the deep
Atlantic between glacial and interglacial conditions are the
simplest explanation for the results in Figs 3 and 4, other
alternatives must be considered. The sensitivity of the calculated
%NADW for the glacial deep Bermuda Rise &yg of —10.4
(OCE326-GGCS6; 33.7° N, 57.6° W, 4,540 m)'8 to the neodymium
composition of end-member water masses is shown in Fig. 5.
The &yg of AABW, considered to be known with reasonable
confidence®?, was held constant. The exg of GNADW was varied
from a near maximum possible value of — 10.5 to a minimum of
— 16.5, similar to the least radiogenic value of — 16 that was used
in similar calculations performed for a nearby site’>. As the
%NADW result is dependent on the relative neodymium
concentrations of the northern and southern end-members, the
ratio of [Nd]gnapw to [Nd]gaapw Was varied from 0.2 to 1. The
latter value was used in similar calculations performed for a South
Atlantic site’? and is used as an upper limit in this work as ratios
>1 would require more neodymium dissolved in the deep
Atlantic than the deep Pacific, a situation that is not consistent
with the observation that neodymium concentrations increase
with water mass age in the modern ocean®%,

Using the glacial end-member values assigned in Fig. 4, the
deep Bermuda Rise site was calculated to be bathed by 72%
NADW during the LGM (black box, Fig. 5). In contrast an
endGnapw) of —10.5 and concentration ratio of 0.2 yields nearly

100

% NADW
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Figure 5 | Sensitivity test of NADW percentage calculation. Results of
the sensitivity tests performed on the %NADW calculated for the Bermuda
Rise &ng of —10.4 during the LGM (OCE326-GGCé6; 33.7° N, 57.6° W,
4,540 m)’8. endgaasw) Was held constant at — 5.5 (ref. 32), whilst
endceNaDpw) and the ratio of [Ndlgnapw to [Nd]gaasw Were varied as
shown. The result from end-members used in Fig. 4 (enacgnapwy = —13.5
and [Ndlgnapw/[NdIgaasw = 0.60) is highlighted by a black box.

100% NADW, whilst an eéxgGnapw) of —16.5 and a concentra-
tion ratio of 1.0 means just 44% NADW is required to explain the
&ng Observed at the Bermuda Rise during the LGM. Although the
resultant uncertainty in the %NADW at the Bermuda Rise of
+28% is significant, all end-member configurations yield
%NADW in the glacial deep North Atlantic values >44%.
This is a robust finding that directly contradicts the notion that
the deep Atlantic was dominated by southern-sourced waters
during the LGM. Furthermore, the lower estimate of 44% is
deemed unlikely to be realistic as less radiogenic engovapw) values
appear restricted to interstadials, and have been interpreted as
pulses of Labrador Sea Water formation during these warm
intervals®® or unradiogenic weathering pulses during ice sheet
retreat>®. Rather, most evidence suggests that exaenapw,) values
were similar to or slightly more radiogenic than NADW in the
modern Atlantic?! yielding higher %NADW values (Fig. 5).
The influence of analytical error on the calculated %NADW
values is small; using the external error bounds of 0.5 epsilon
units'® gives a range of 67-77% NADW at the deep Bermuda Rise
during the LGM.

Although these uncertainties do limit the certainty of the
exact proportion of the deep Atlantic that was ventilated by
northern-sourced waters during the LGM, the need for Glacial
NADW appears inescapable. If localized processes, such as
boundary exchange, were controlling the glacial eyq profile, one
would expect to see a heterogeneous profile controlled by regional
detrital inputs. Furthermore, modelling studies have shown that
boundary exchange processes are not able to explain the
magnitude of the observed glacial-interglacial shifts in deep
ocean &yq and thus changes in water mass advection must be
invoked to explain them3®. Reconstructions of glacial deep water
mass ventilation from radiocarbon®’, and carbonate ion
concentration from B/Ca*®3% also show a younger, better
ventilated, water mass in the deep North Atlantic than the deep
South Atlantic. These proxies, therefore, also provide evidence for
a significant proportion of northern-sourced deep waters in the
deep North Atlantic during the LGM, supporting the results
shown in Fig. 4.

Reconciling the glacial enq values in the Atlantic with nutrient
proxy based reconstructions requires a greater amount of respired
organic carbon in the deep glacial Atlantic relative to the modern
situation*®, Circulation versus biological sources of carbon can be
differentiated by cross plots of &ng against benthic foraminiferal
313C for the Holocene and LGM Atlantic (Fig. 6). Deep water
mass mixing end-members were ascribed to each plot as detailed
in the Supplementary Information. The South Atlantic
foraminiferal values (grey regions Fig. 6) were corrected for the
Mackensen Effect, the phenomenon where benthic foraminifera
display 8!3C values lower than that of the overlying deep water
due to a phytodetrital layer of light organic carbon on the sea
floor*". The composition of NADW is similar in the Holocene
and LGM cross plots with 8!3C and eyq values ~1.4%0 and
—13.5, respectively, whereas glacial AABW &!3C is more
depleted (—0.5%0) and &ng more radiogenic (—5.5) than its
modern counterpart (0.4%o, — 8.5).

The blue curves show the values expected for conservative
mixing between these end-members for each time slice; those
points falling along this mixing line have seen little input of
biological carbon. During the LGM, data points lying close to the
mixing line come from cores shallower than 3,000 m. Most of the
glacial data points from cores located below 3,000m sit well
below the mixing curve which we interpret as being caused by the
addition of respired organic matter with a low &13C
(usually ~ —20%0)*L. Tt is important to note that these cores
represent locations within both northern- and southern- sourced
glacial deep water, so this signal was not advected from either
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source but was acquired by biological processes along the
advection pathway; this highlights the shortcomings of using
813C in isolation as a proxy for water mass mixing. The lower
than expected 8'3C values could also in part be due to the use of
mixed Cibicidoides species for some of the benthic foraminiferal
813C measurements. The variable depth habitats of different
Cibicidoides species could lead to offsets of the measured
foraminiferal calcite 8'3C from bottom water 813C (ref. 42).
The inference of organic matter remineralization being the
dominant cause of the offset, however, is supported by a recent
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Figure 6 | Cross plots of Atlantic benthic foraminiferal 513C against
foraminiferal eyg. Cross plots of benthic foraminiferal §'3C against
foraminiferal eng for the deep Atlantic Ocean during the (a) Holocene and
the (b) LGM. Water mass end-members labelled are NADW, AABW,
GNADW and GAABW. The blue curve shows the values expected for
conservative mixing between these water masses in the corresponding
cross plot. Offsets from this line are attributed to either the
remineralization of organic matter (red arrows) or a possible Mackensen
Effect (shaded grey regions)#0. Details of the data used are given in
Supplementary Table 7, and how end-member values were assigned in
Supplementary Note 1 and Supplementary Table 8. Error bars show the 2c
external error of the g measurements.

study that modelled the glacial Atlantic and predicted a biological
regenerative imprint in the glacial deep Atlantic 5!3C (ref. 8). The
same study calculated that, after allowing for this remineralisation
of organic matter, the glacial deep North Atlantic was ventilated
by 50-80% NADW, which compares well with the &yg derived
values of 55-80% NADW produced in this work (Fig. 4b).

The accumulation of respired organic carbon in the deep
Atlantic during the LGM could be due to higher surface
productivity and thus export of organic carbon to the deep ocean
under glacial climate conditions. Although glacial productivity
reconstructions in the northwestern Atlantic are sparse, nearby
regions show elevated export production during the LGM relative
to the Holocene3, Higher glacial surface productivity, however,
cannot explain the depth dependence of the §!3C offset in the
LGM (Fig. 6b), nor can it explain the chemocline seen at
~2,500m in nutrient proxy reconstructions>*. Thus it seems
likely that the greater amount of respired organic matter in the
deep Atlantic during the LGM must have also been at least
partially due to a longer residence time of seawater in the glacial
deep Atlantic than in the modern Atlantic. This conclusion is
supported by a modelling study of a 2>!Pa/>**Th data compilation
which concluded that the glacial Atlantic had rapid overturning in
the shallow cell but slower overturning at depth®4.

Our findings are summarized in hypothetical overturning
schematics for the Atlantic Ocean during glacials and interglacials
in Fig. 7. In the glacial scenario (Fig. 7b) there are two distinct
northern-sourced water masses, separated by density differences.
The glacial northern-sourced intermediate depth water mass was
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Figure 7 | Interglacial and Glacial Atlantic overturning schematics.
Schematics of the structure of Atlantic Meridional Overturning Circulation
during (a) interglacial and (b) glacial periods assuming the Holocene and
LGM are typical of each. Water masses depicted are Antarctic Intermediate
Water (AAIW), NADW and AABW and their glacial counterparts as well
as GNAIW. Thin arrows associated with GNADW and GAABW in the
glacial schematic represent the inferred lower flux of these water masses
during glacial periods relative to interglacials. The dotted black line in the
glacial schematic shows the location of the chemocline in nutrient proxy
reconstructions at the interface between the two overturning cells. Figure

partly created using Ocean Data View software?2,
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likely formed by convection south of Iceland®® and is inferred
to have overturned rapidly*4. The deep Atlantic cell is surmised to
have overturned more slowly and may have been supplied by
NADW formed in the Nordic Seas during seasonal ice-free
periods coming over the Greenland-Scotland Ridge*®. Brine
rejection from sea ice may also have contributed to this process*’.
A lower flux of GNADW during the LGM than NADW in the
Holocene in to the deep North Atlantic would then explain how
AABW was able to penetrate much further north during the LGM
(Fig. 4b) than in the modern Atlantic Ocean where it has little
influence north of the equator (Fig. 4a). In contrast, the deep
South Atlantic shows less of a change in water mass mixing
proportions between the LGM and the Holocene (Fig. 4)
because it is dominated by southern-sourced waters in both
climate states (Fig. 7).

Many modelling studies and hypothesized glacial overturning
schemes invoke GNAIW being incorporated into deep
waters elsewhere in the glacial ocean to ventilate the dee
ocean with low-preformed nutrient concentration water!%!34,
Here, we have presented evidence that instead the deep
Atlantic was ventilated directly from the North Atlantic
resolving the difficulty in reconciling glacial CO, drawdown
with the observed proxy data. Another important prediction
of our work is that switching from the glacial to interglacial
mode of North Atlantic circulation (Fig. 7) would flush
respired organic carbon from the deep Atlantic and would
therefore be expected to raise atmospheric CO, without
invoking changes in nutrient utilization in the high latitude
Southern Ocean'. Although a full carbon cycle model would
be required to quantify this effect, the resumption of strong
NADW production at the start of the Bolling-Allered inferred
from enq and 231Pa/230Th records, coincides with a ~ IZE.Ip.m.
increase in atmospheric CO, (Supplementary Fig. 3)1218:49,
This increase likely reflects the flushing of respired carbon
from the deeg Atlantic by strong NADW production during the
deglaciation®”.

Methods

Site selection. &\y measurements were made on uncleaned planktic foraminifera
from Holocene and LGM samples of cores from throughout the western Atlantic
basin or selected regions within the eastern Atlantic (Fig. 2d); all core names and
locations are listed in Supplementary Table 1 and plotted in Supplementary Fig. 1.
Eastern Atlantic cores were limited to sites south of the Walvis Ridge or sites on
bathymetric rises above the sill depth of the Mid-Atlantic Ridge (3,750 m)°!. This
selection was based on the criteria outlined by Curry and Oppo®, and was intended
to avoid the regions of the eastern Atlantic which are ventilated through fracture
zones in the Mid-Atlantic Ridge and thus do not display the same latitudinal water
mass mixing gradient as the western Atlantic®2. Cores north of 45° N were
excluded as they have been shown to be susceptible to the influence of volcanic ash
and IRD in the North Atlantic!®>3.

Age controls. Age controls for cores used in this work range from planktic or
benthic foraminiferal §!80 records to radiocarbon dates (Supplementary Table 1)
and came from published age models, with the exception of the Ceara Rise cores.
The radiocarbon-based age models developed in this work for the latter cores, ODP
925E, ODP 928B and ODP 929B, are presented in Supplementary Table 6. For all
cores, depths which were assigned calendar ages between 23 and 18 ka were
included in the LGM reconstruction.

Sample preparation. Samples were prepared for analysis following the methods
of Roberts et al.'8 and references therein. In short, where possible, ~80 mg

of mixed planktic foraminifera were picked from the coarse fraction (> 63 pm)
for neodymium isotope measurements. After picking, foraminifera tests were
broken open between two glass plates, rinsed, sonicated and any clays removed.
The samples were then dissolved in 1 moll~! reagent grade acetic acid.

The REEs were extracted from the dissolved sample using Eichrom TRUspec
resin in 100 ml Teflon columns. Neodymium was then separated from the other
rare earth elements using Eichrom LNspec resin on volumetrically calibrated
Teflon columns.

Neodymium isotopic measurements. Neodymium isotopes were analysed using
the Nu Plasma HR or Neptune Plus multi-collector inductively coupled plasma
mass spectrometers at the University of Cambridge. 14°Nd/!#4Nd was normalized
to 0.7219 and samples were bracketed with a concentration-matched solution of
reference standard JNdi-1, the measured composition of which varied between
runs but was corrected to the accepted value of 143N d/144Nd = 0.512115 (ref. 54).
The eng of each sample is reported with the external error (20) of the bracketing
standards from the corresponding measurement session, unless the internal error
was larger than the external error, in which case the combined internal and
external error (20) is reported.

Eight complete procedural blanks for the process from foraminiferal dissolution
through to column chemistry were run on a TIMS Sector 54 at the University of
Cambridge using a 1°°Nd spike. For the typical sample, of at least 15 ng, the average
blank of 66 pg of neodymium is <0.5% of the total neodymium.

Benthic foraminiferal stable isotopes. Benthic foraminifera (mixed Cibicidoides
species; between 3 and 7 tests) were picked for stable isotope analysis from the
coarse fraction (> 125 jim) of samples without published 313C data. Samples were
analysed by the Godwin Laboratory at the University of Cambridge using either a
Micromass Multicarb Sample Preparation System attached to a VG SIRA or a
Thermo Kiel device attached to a Thermo MAT253 Mass Spectrometer in dual
inlet mode. Isotopic ratios are presented relative to standard Vienna PeeDee
Belemnite; external precision was + 0.06%o for 83C.

Data availability. The data reported in this paper are listed in the
Supplementary Information and archived in Pangaea (https://doi.pangaea.de/
10.1594/PANGAEA.859580).
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Radiocarbon evidence for enhanced respired
carbon storage in the Atlantic at the Last Glacial
Maximum

E. Freeman', L.C. Skinner!, C. Waelbroeck? & D. Hodell'

The influence of ocean circulation changes on atmospheric CO, hinges primarily on the ability
to alter the ocean interior's respired nutrient inventory. Here we investigate the Atlantic
overturning circulation at the Last Glacial Maximum and its impact on respired carbon
storage using radiocarbon and stable carbon isotope data from the Brazil and Iberian Margins.
The data demonstrate the existence of a shallow well-ventilated northern-sourced cell
overlying a poorly ventilated, predominantly southern-sourced cell at the Last Glacial
Maximum. We also find that organic carbon remineralization rates in the deep Atlantic
remained broadly similar to modern, but that ventilation ages in the southern-sourced
overturning cell were significantly increased. Respired carbon storage in the deep Atlantic was
therefore enhanced during the last glacial period, primarily due to an increase in the residence
time of carbon in the deep ocean, rather than an increase in biological carbon export.

TGodwin Laboratory for Palaeoclimate Research, Department of Earth Sciences, University of Cambridge, Cambridge CB2 3EQ, UK. 2 SCE/IPSL, Laboratoire
CNRS-CEA-UVSQ, Domaine du CNRS, bat 12 91198 Gif-sur-Yvette, France. Correspondence and requests for materials should be addressed to E.F.
(email: ef276@cam.ac.uk).
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umerous proxies suggest that ocean circulation at the Last

Glacial Maximum (LGM) was different from modern,

especially in the Atlantic Ocean!™. Despite this, a
consensus has yet to emerge on the LGM ocean circulation®,
primarily because of limitations associated with the various
proxies, as well as a paucity of data. In agreement with stable
oxygen isotope data®, 5!C (stable carbon isotopic ratio) and Cd/
Ca data suggest that North Atlantic Deep Water (NADW)
shoaled by up to 1,000 m during the LGM relative to today>*.
However, the combination of conservative and non-conservative
impacts on nutrient proxies has permitted alternative
interpretations, such as greater nutrient accumulation along the
flow path® (because of greater export production or longer transit
times), or variable contributions from northern- and southern-
sourced waters between 2 and 4km water depth® (without
a complete elimination of NADW in the deep Atlantic).
Although 23'Pa/?*0Th has been used to reconstruct past rates of
overturning circulation'®!1, its interpretation presents difficulties,
as it represents an integrated flow S})eed across the water column
and may be affected by scavenging'?.

Additional proxy data are therefore needed to reconstruct the
pattern and rate of ocean circulation at the LGM, and to assess its
impact on the marine carbon cycle. Radiocarbon-based ventila-
tion ages could prove particularly useful in this regard as they
provide an indication of the mean timescale for carbon exchange
between the ocean and the atmosphere, including the effects of
air-sea gas (and isotope) exchange in the regions of origin of a
given parcel of water, and the mean time elapsed since that water
was in the mixed layer. Furthermore, by combining ventilation
ages with indicators of respired carbon accumulation, such as
stable carbon isotopes, changes in the efficiency of the biological
carbon pump can be estimated. This is not possible using
reconstructions of flow rates or respired/total nutrient levels
alone, as the efficiency of the biological carbon pump is controlled
by both the export productivity (that is, the flux of carbon into
the deep ocean) and the ‘leakage’ of this carbon out of the deep
ocean (via all the processes that contribute to mass transfer from
the deep ocean interior to the surface ocean mixed layer where
air-sea exchange occurs).

Here we investigate the Atlantic Ocean overturning circulation
at the LGM using both radiocarbon and stable carbon isotopes.
We find a shallow well-ventilated northern-sourced cell overlying
a poorly ventilated, predominantly southern-sourced cell.
Furthermore, we find that the storage of respired carbon in the
deep Atlantic Ocean was enhanced because of a long residence
time, with a constant flux of respired carbon to the deep Atlantic.

Results

Radiocarbon and stable carbon isotopes. Here we present new
radiocarbon-based ventilation ages along with stable carbon iso-
topes from 1,000 to 3,500 m on the Brazil Margin and from 1,100
to 4,700m on the Iberian Margin (Supplementary Table 1).
Ventilation ages are based on benthic-planktonic (B-P) radio-
carbon age offsets, to which the estimated surface reservoir age is
added to provide an estimate of the deep ocean versus atmo-
spheric radiocarbon age offset (B-Atm). Given the proximity of
cores in each of our study regions, surface reservoir ages are
expected to be very similar for all cores in each transect. There-
fore, despite some uncertainty in the surface reservoir ages,
vertical gradients in ventilation ages within each transect will
remain accurate.

Radiocarbon-based ventilation ages provide an indication of
the extent of isotopic disequilibrium between the marine- and
atmospheric carbon reservoirs. More radiocarbon-depleted
waters (indicated by higher radiocarbon ventilation ages) will
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reflect less efficient radiocarbon (and therefore CO,) exchange
between the ocean interior and the atmosphere on average, and
therefore a longer carbon sequestration time in the ocean interior.
For continuous export of biologically fixed carbon to the ocean
interior, a greater radiocarbon ventilation age and a longer carbon
sequestration time (that is, relative to the atmosphere) should in
turn reflect enhanced accumulation of respired carbon in the
ocean interior and a more efficient (since less ‘leaky’) soft-tissue
carbon pump!3.

Ventilation of the Brazil Margin. On the Brazil Margin,
the radiocarbon ventilation age-depth profile for the LGM is
significantly different from that of the modern ocean (Fig. 1).
Although the shallowest core (1,000 m), has a similar ventilation
age to that of the modern ocean, the deeper cores have
considerably higher ventilation ages, with the deepest core being
offset from the surface ocean by up to 1,700 years, compared with
just 400 years today.

Stable carbon isotopes also had a distinctly different profile at
the LGM compared with the modern. 3'C shows a significant
decrease with depth, ranging from ~ 1.1%o at 1,000 m to ~ 0.2%o
in the deep ocean. The steepest gradient (~ — 0.5%0/1,000 m) is
seen between 2,300 and 3,550 m, whereas in the modern ocean
the gradient is <0.02%0/1,000 m between these depths.

Ventilation of the Iberian Margin. The Iberian Margin also
shows a very different ventilation age depth-profile at the
LGM compared with the modern ocean (Fig. 1). Although the
intermediate ocean (<2,100m) was well ventilated, the deep
ocean was poorly ventilated, with B-P age offsets more than 1,000
years greater than in the modern ocean. The shallowest core
(1,127 m) has a negative B-P age offset suggesting that the surface
was more poorly ventilated than the intermediate ocean (likely
influenced by Mediterranean Outflow Water!#). Beneath this, the
B-P age offset increases with depth in the water column.
A relatively steep gradient (~950 years/1,000 m) is seen for the
upper 2,600 m, with a smaller increase in B-P age offset with
depth below (~ 200 years/1,000 m). A similar profile is also seen
in 813C with a steep gradient (~ — 0.4%0/1,000 m) between 2 and
3.7 km but with relatively little change (< — 0.1%0/1,000 m) with
depth below ~ 3,700 m. The range of '3C (0-0.8%o) at the LGM
is significantly greater than the range in the modern North
Atlantic (1.0-1.1%o) between 2 and 4.7km. §'3C at 4.7km are
more than 0.9%o lower at the LGM than in the modern ocean.
However, extremely low 8'°C, previously observed in both the
deep South Atlantic (< — 0.8%0)!>1° and in the abyssal western
North Atlantic (— 0.3 to — 0.5%0)'7°18, are not observed in any of
the Iberian Margin cores.

Discussion

We combined our new ventilation ages with available published
data in order to tentatively reconstruct the distribution of
radiocarbon in the Atlantic Ocean during the LGM!8-2 (Fig. 2
and Supplementary Table 2). These radiocarbon-based
ventilation ages show that, regardless of the uncertainties in
LGM surface reservoir ages, the entire deep Atlantic Ocean
(>2km) was less ventilated during the LGM than the modern
ocean (Fig. 3). Today, the deep North Atlantic is well ventilated
by newly formed NADW, whereas the deep South Atlantic is
primarily influenced by southern-sourced waters (Lower
Circumpolar Deep Water, LCDW, and Antarctic Bottom
Water, AABW), which have greater ventilation ages because of
reduced air-sea gas exchange in the AABW formation regions?®
and because of mixing and entrainment of ‘pre-aged’ circumpolar
deep water into AABW?’. During the LGM this North-South
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Figure 1 | LGM depth profiles for the Brazil Margin and the Iberian Margin. The benthic-planktonic radiocarbon age offset (B-P; a, €) and the stable
carbon isotopic ratio, 8'3C (b, d). Modern B-P values (calculated by subtracting the modern surface reservoir age from the bottom water ventilation age)

are show in grey (GLODAP38). Modern 8'3C of DIC is also shown in grey (GEOSECS3®). Data are given in Supplementary Table 3.
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ventilation age gradient in the deep Atlantic was significantly
reduced or even eradicated (in the abyss), suggesting a distinctly
different circulation must have prevailed (Figs 3 and 4). Based on
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Figure 3 | Atlantic radiocarbon-based ventilation age depth profiles.
Triangles: modern ventilation ages (dotted lines). Squares: LGM ventilation ages
(solid lines)'®2434 Error bars indicate the analytical error on the radiocarbon
measurements. The shaded area represents the uncertainty of the surface
reservoir age. Blue, East Atlantic; black, West Atlantic; orange, South Atlantic.
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the apparent northward expansion of poorly ventilated deep
waters from the glacial South Atlantic to the deep equatorial and
North Atlantic, the LGM circulation appears to have been
characterized primarily by a greatly reduced influence of NADW
in the deepest Atlantic (>2,000m). It is notable that abyssal
waters in the western North Atlantic and on the northern Brazil
Margin had a similar ventilation age to that of the abyssal South
Atlantic (Fig. 3). The lack of an increase in ventilation age along
the flow path between the South Atlantic and the equatorial and
North Atlantic suggests that neither the deep eastern Atlantic nor
the deep western Atlantic contained pure southern-sourced
waters. A persistent, albeit greatly reduced, northern source of
radiocarbon was therefore provided to depths of at least 4.7 km,
either via mixing with an overlying well-ventilated water mass or
via direct episodic input of dense well-ventilated (for example,
overflow) waters.

In the modern ocean, radiocarbon-based ventilation ages are
well correlated with DIC and anti-correlated with §!3C owing to
the remineralization of organic carbon as waters flow from the
North Atlantic to the North Pacific, via the Southern Ocean
(Fig. 5). DIC thus increases in the modern ocean by
~ 115 umol kg ~ ! (ref. 13), whereas the 8'3C of DIC decreases
by ~0.8%o (Fig. 5), for every 10% decrease in the deep ocean’s
radiocarbon content relative to the atmosphere (that is, for every
~ 850 “Cyr ventilation age increase). A similar gradient in §!3C
versus ventilation age is seen in the North and equatorial Atlantic
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Figure 4 | Atlantic radiocarbon based ventilation ages at the LGM. (a) Eastern Atlantic. (b) Western Atlantic'®2534 MDO07-3076Q (44°S, 14°W,
3770 m) is included in both the eastern and the western profiles as it is located on the Mid-Atlantic Ridge. The dots indicate the position of the cores where
ventilation ages have been determined. Gridded in ODV7”! using DIVA gridding with a signal-to-noise ratio of 72. Data are given in Supplementary Table 4.
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Figure 5 | Crossplot of ventilation age and stable carbon isotopic ratio.
Ventilation ages are plotted as FmB/FmA, where FmB/FmA = exp(B-Atm/-
8033), and Fm = fraction modern, because B-Atm ages do not mix linearly
due to the exponential decay of radiocarbon. Approximate B-Atm values are
shown as a guideline only. Modern whole ocean data (~2.5km water
depth; grey stars) is show along with modern data for the entire water
column >2km (open squares) on the Iberian Margin (blue) and Brazil
Margin (black). LGM data are shown (filled squares) for the Iberian Margin
(blue) and the Brazil Margin (black; Modern data are from GEOSECS and
GLODAP38). The modern gradient is 0.1+ 0.01 and the LGM gradient is
0.13+ 0.02, equivalent to 1.1 £ 0.1%o/kyr and 0.9 £ 0.2%o/kyr in the modern
and in the LGM, respectively. For a given rate of remineralization, an
increase in residence time (that is, lower FmB/FmA) results in a greater
amount of carbon storage.

at the LGM, suggesting that the remineralization rate of organic
carbon in the deep Atlantic did not change significantly. On this
basis, the LGM rate of DIC increase per year of radiocarbon decay
(because of the soft-tissue pump alone) would also be expected to
have remained roughly constant, as hypothesized in ref. 13. All
else being equal, the ventilation age increase that we observe
across the deep Atlantic would therefore imply a significant
increase in the respired carbon inventory of the deep ocean at the
LGM. This increase was proposed in ref. 8 but later questioned in
ref. 9 because of an updated LGM state estimate. Here we not
only propose an increase in the remineralized carbon inventory of
the deep ocean (based on stable carbon isotope evidence, similar
to that advanced previously), but also attribute it to an increase in
residence time rather than an increase in biological carbon export
rates.

Our results demonstrate a distinct difference in the distribution
of radiocarbon in the Atlantic at the LGM relative to today. The
deep ocean was more poorly ventilated at all latitudes, whereas
the intermediate ocean remained as well ventilated as in the
modern ocean. This strongly suggests a shoaling of northern-
sourced waters, without a major reduction in their overturning
strength, and an expansion of southern-sourced waters at depth.
This is in agreement with other proxy reconstructions, which our
radiocarbon data help to link more directly to carbon cycle
impacts. The concentration of dissolved cadmium inferred from
Cd/Ca measured on benthic foraminifera show a clear decrease in
the upper ~2.2km of the water column at the LGM relative to
today, with the opposite sense of change in the deep ocean?
(Supplementary Fig. 1a). This would suggest that high-nutrient
waters expanded at depth while low-nutrient northern-sourced
waters dominated in the intermediate ocean, consistent with §'°C
data that also show the opposite sense of change above and below
~2.2km (ref. 4; Supplementary Fig. 1b). In principle, this change
in nutrient distributions could have been driven by enhanced
export productivity and/or longer ocean interior residence times.

As indicated above, our combined radiocarbon and stable isotope
data indicate that the latter mechanism was dominant. Our
interpretation that this change in circulation was primarily
associated with an expansion of southern-sourced waters in the
deepest Atlantic is further supported by eNd data, which indicate
an increase in southern-sourced waters at depth with an increase
in northern-sourced waters above?® (Supplementary Fig. 1c).
231pa/230Th ratios also display a distinct change of the opposite
sign above and below ~2.2km water depth!® (Supplementary
Fig. 1d). These 23!Pa/?30Th ratios suggest that the North Atlantic
overturning circulation cell was just as strong during the LGM as
it is today, but that it penetrated to shallower depths. Although
this contrasts with many numerical modelling studies that tend to
find a slower overturning when NADW shoals**3?, our
ventilation ages also suggest that the upper North Atlantic
overturning rate was not reduced so much that it significantly
decreased the supply radiocarbon to the intermediate ocean. The
radiocarbon data are therefore consistent with the proposal that a
significant shoaling of NADW may not necessarily imply a major
reduction in the NADW formation/transport rate at the LGM.

However, while our results support the existence at the LGM of
a shallow NADW cell overlying an expanded, radiocarbon-
depleted AABW below, they also suggest that the deep southern-
sourced cell was not completely isolated. In both the eastern and
the western North Atlantic, a northern source of relatively
radiocarbon-enriched and high §'*C waters was mixed into the
deep cell. This could imply a more complex Atlantic circulation
than one characterized by two completely separate overturning
cells at the LGM?!, where the northern overturning cell is either
strong and deep or weak and shallow.

As in the landmark study of ref. 3, our stable isotope data
demonstrate the existence of enhanced gradients in 5!3C between
~2,000 and 3,500 m in the equatorial and North Atlantic. This
pattern of 813C in the Atlantic has been interpreted primarily to
demonstrate a reduction in the proportion of northern-sourced
waters with depth, and an increase in the total nutrient content of
the deep Atlantic. Our new radiocarbon data demonstrate that
this did not primarily reflect an increase in ‘preformed’ nutrients
(that is, nutrients that were advected to the ocean interior, and
that would be associated with carbon that was well-equilibrated
with the atmosphere®?), but rather an increase in respired
nutrients (and therefore respired carbon). Alternatively, and
equivalently for ocean versus atmosphere carbon inventory
changes, the radiocarbon data might also indicate an increase
in the ‘disequilibrium’ carbon inventory of the deep Atlantic’.
However, in this case, a very large decrease in air-sea CO,
exchange efficiency would need to be invoked in parallel with an
increase in preformed nutrients, in order to account for the
paired stable carbon isotope (and nutrient) reconstructions. The
observed expansion of southern-sourced deep waters at the LGM
was therefore very likely associated with an increase in the
efficiency of the soft-tissue carbon pump, primarily due to an
increase in the residence time of carbon in the deep Atlantic,
rather than an increase in biological export productivity (that is,
at low/mid-latitudes). Although global data coverage and better
constraints on surface reservoir ages are required to assess the
precise magnitude of the atmospheric CO, drawdown that is
implied by the observed ocean circulation changes, our findings
support a direct contribution from the Atlantic overturning
circulation via its impact on the deep ocean’s respired carbon
inventory.

Methods

Radiocarbon and stable carbon isotope measurements. Radiocarbon ages were
measured on benthic and planktonic foraminifera from a series of cores recovered
from the Brazil Margin by the R/V Marion Dufresne (MD09-3256Q, MD09-3257)
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and the Iberian Margin by the R/V James Cook (SHAK03-6K, SHAKO05-3K,
SHAKO06-4K, SHAK10-10K and SHAK14-4G; Fig. 2). Results from these cores
are combined with previously published data from the same transect regions
(MD99-2334K and GS07-150-17/1GC-A)??>*4. Core locations are given in
Supplementary Table 1. Benthic stable carbon isotopes were also measured in these
cores on Cibicidoides wuellerstorfi. No stable carbon isotopes were measured for
SHAK10-10K because of the lack of any specimens of Cibicidoides.

Foraminifera were picked from the >212 pm size fraction and where necessary
from the 150-212 um fraction. Samples of Globigerinoides ruber (Brazil Margin) or
Globigerina bulloides (Iberian Margin) and samples of mixed benthic foraminifera
(excluding agglutinated species) were picked and graphitized in the Godwin
Radiocarbon Laboratory at the University of Cambridge. Stable carbon isotope
measurements were conducted on Cibicidoides wuellerstorfi and on DIC at the
Godwin Laboratory, Cambridge.

Radiocarbon measurements. Samples were cleaned on a glass plate with
deionized water to remove any loose material. Samples were then dried and
acidified. The CO, produced was converted to graphite using a standard hydrogen/
iron catalyst reduction method3®. AMS-!4C dates were obtained for the graphite
samples at the 4Chrono Centre, Queens University Belfast. All dates are reported
as conventional radiocarbon ages following.

Stable carbon isotope measurements on foraminifera. Stable carbon isotope
measurements were conducted on Cibicidoides wuellerstorfi in the Godwin
Laboratory. Each measurement was run on 1-3 individuals with a combined mass
of 50-180 pig. The foraminifera were transferred into sample vials, crushed and
then dried in an oven at 50 °C. Samples were reacted with orthophosphoric acid
(100%) and the CO, produced was cryogenically dried and then admitted to the
dual inlet mass spectrometer for isotopic analysis by comparison with a reference
gas. Each run of 30 samples was accompanied by 10 reference carbonates and 2
control samples. The results are reported with reference to the international
standard VPDB and the precision is better than * 0.06%o for 2C/13C and
+0.08%» for 1607180,

Stable carbon isotope DIC measurements. DIC measurements were made using
a Thermo Gas Bench attached to a Delta V Mass Spectrometer. Three or four drops
of orthophosphoric acid (100%) were preloaded into a reaction vial, which was
capped, sealed and the headspace flushed with Helium gas. Approximately 1.5ml
of sample water was injected into the vial through the butyl rubber septa using a
syringe and left to react for 1h. The sample tubes were transferred to the Gas
Bench and CTC CombiPal Autosampler and the resulting CO, in the headspace
analysed using a Thermo Delta V Mass Spectrometer. A series of standards and
reference samples distributed throughout the run were used to calibrate to the
international standard VPDB. Results have a reproducibility of better than 0.1
per mille.

Ventilation ages. Here we report ventilation ages as either deep to shallow
sub-surface radiocarbon age offsets, based on benthic-planktonic radiocarbon age
differences (B-P), or as deep-atmospheric radiocarbon age offsets (B-Atm), which
represent the B-P plus the surface reservoir age (that is, the shallow sub-surface
versus atmosphere radiocarbon disequilibrium) that applies to the planktonic
radiocarbon age. Although B-P offsets provide useful (and very accurate) infor-
mation regarding vertical radiocarbon gradients at various locations in the ocean,
B-Atm estimates are advantageous by virtue of referencing radiocarbon activities
throughout the ocean interior relative to a single reference point: the radiocarbon
activity of the atmosphere. They also maintain a constant scaling with respect to
radiocarbon disequilibria, unlike relative isotopic offset metrics such as AMC
(ref. 37). When mapped throughout the ocean, B-Atm offsets may thus provide a
coherent means of inferring the patterns and rates of ocean-atmosphere CO,
exchange and transport in the ocean interior®®. However, the uncertainty
associated with LGM surface reservoir age estimates makes the derivation of
accurate B-Atm offsets challenging.

Surface reservoir ages at the LGM. To accurately reconstruct the distribution of
radiocarbon in the Atlantic Ocean at the LGM, benthic radiocarbon activities must
be referenced to a single (atmospheric) reference point. Therefore, we need to not
only consider the deep- to surface age differences but also the surface to atmo-
sphere age offsets that apply in each instance (alternatively each benthic radio-
carbon date can be directly compared with the contemporary atmospheric
radiocarbon age, given independent calendar ages). The planktonic foraminifera
used in this study calcify in the upper surface ocean (<100 m deep), but even at
these depths the water can be in significant disequilibrium relative to the atmo-
sphere. Today surface reservoir ages range from around 400 to 600 years on the
Brazil and Iberian Margins (GLODAP?8). However, these would have varied in the
past due to changes in pCO, (affecting air-sea carbon isotope exchange at a given
CO, solubility), changes in ocean circulation (influencing the mixing/upwelling of
‘aged’ waters into the surface ocean mixed layer) and, for example, changes in high
latitude temperature, salinity and sea-ice cover (affecting CO, solubility and gas
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exchange in sub- mixed-layer source regions). However, determining surface
reservoir ages in the past is challenging, and not possible in contexts where
independent calendar age or contemporaneous atmospheric radiocarbon age
constraints are lacking. The modern surface reservoir age is therefore often used as
a best guess, under the tentative assumption that physical conditions affecting
radiocarbon exchange and transport have not changed over time?43%40,

To accurately determine surface reservoir ages, a calendar age model that is
independent of radiocarbon dating and a history of atmospheric radiocarbon
variability are required. Although U/Th dating can be used to provide calendar ages
for corals*3, chronostratigraphic (including tephrochronological) approaches must
be used for sediment cores. In high latitudes, cores can be linked stratigraphically to
independently dated ice cores?*>4!. However, for low latitude, cores in which
chronostratigraphic signals are typically more subdued and synchrony with high-
latitude climate changes may be questionable, it is much more difficult to obtain an
independent calendar chronostratigraphy. Yet, it is important to note that even at
low latitudes, especially in regions with deep mixed layers or upwelling regimes,
shallow sub-surface radiocarbon disequilibria are very likely to have changed across
the last deglaciation*>3.

Although it is possible in principle to use model simulations to infer past
surface reservoir ages, this approach requires knowledge of past changes
in ocean circulation and ocean-atmosphere gas exchange efficiency (for example,
because of changes in sea-ice extent or mixed layer depths), which strictly we do
not have (indeed, this is typically what we are seeking). Despite this fundamental
limitation, efforts have been made to model surface reservoir ages in the past, for
example, assuming a constant ocean circulation*¥*°, These studies have shown that
at the LGM the pCO, difference alone would have caused surface reservoir ages to
be around 250 years higher than under modern conditions—a passive response in
the ocean that does not reflect the ocean’s impact on atmospheric CO, but rather
the atmosphere’s impact on the ocean. Additional changes in the mean exchange
rate of CO, between the ocean and the atmosphere, because of, for example,
increased sea-ice cover and changes in the large-scale overturning circulation, are
likely to have further increased these values, especially at high latitudes. Indeed,
where shallow sub-surface reservoir age estimates are available for the LGM, they
are typically significantly higher than the modern values?!:22:25:42:46-48,

Despite the challenges involved in estimating past shallow sub-surface reservoir
age variability, it is clear that ignoring them entirely is not a viable option,
especially in a study that seeks to constrain past ocean circulation changes.

Recent work on core MD09-3257, from the Brazil Margin, showed that an
independent calendar age model could be established for that core using U-Th
dated speleothem records on the adjacent continent*®, based on the fact that
increased preci5pitation is marked by a decrease in 3180 in South American
speleothems®®>! and increased sedimentary Ti/Ca ratios in marine sediment cores
off the northeastern Brazilian coast®’. However, because of a lack of available
calendar age tie points for the LGM, surface reservoir ages based on this calendar
age-scale remain sparse. We therefore adopt an estimate for LGM surface reservoir
ages on the Brazil Margin based on the modern reservoir age corrected for pCO,-
dependent air-sea gas exchange effects*4>. A reservoir age of 750 years (250 years
greater than modern), which would have arisen due to globally reduced air-sea gas
exchange rates, is used. Because it is unclear how ocean circulation changes may
have affected this region we apply large uncertainties to this estimate of 250
years. By combining high-resolution radiocarbon dating with calendar age models
of centennial precision, it may be possible to reduce this uncertainty in the future.

Because the Iberian Margin cores contain a very clear event stratigraphy>>4,
these cores were stratigraphically aligned to the uranium-series dated speleothem
records from Hulu Cave®® and the layer counted (GICC05) NGRIP dust record>®%7
using the Zr/Sr ratio determined using X-ray fluorescence (XRF; see Supplementary
Figs 2 and 3). The cores were aligned to both the Hulu speleothem and NGRIP
simultaneously using a series of tie points including two tie-points within the
LGM (18-23 1000 years before present (kyrs BP)). Shallow sub-surface reservoir
ages were determined directly by subtracting the planktonic age from
the contemporaneous atmospheric age, using the calendar ages obtained at
tie-points, and the atmospheric radiocarbon calibration curve IntCall3 (ref. 58;
Supplementary Table 3). LGM surface reservoir ages on the Iberian Margin are
thus estimated to be around 900 years with upper and lower limits of 1,100
years and 700 years, respectively. These ages are consistent with the lowest
estimates determined for the Iberian Margin by ref. 22 (that is, excluding their
tie-points in HS1 and the LGM where the event stratigraphy is arguably more
equivocal).

Age models. The planktonic radiocarbon ages were used to construct age models
for each of the cores. In order to do so, an estimated surface reservoir age was
subtracted from each planktonic radiocarbon date before conversion to calendar
ages using BChron version 3.1.5 (ref. 59) and the IntCall3 calibration curve®.
These calendar ages were then used to construct sediment depth-age models using
the Markov Chain Monte-Carlo method, also using Bchron. As LGM surface
reservoir age estimates have not been directly estimated on the Brazil Margin, a
‘best guess’ value of 750 years, based on isotope exchange constraints backed up by
model simulations***>, was used. For the Iberian Margin, a surface reservoir age of
900 years was used for the LGM based on the stratigraphic alignments described
above.
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For compiled data, for cores with age models that do not depend on
radiocarbon data, surface and deep reservoir ages were determined by subtracting
the contemporary atmospheric radiocarbon age (based on Intcall3) from
the planktonic and benthic radiocarbon ages, respectively. For sites with no
independent age model, the pCO, corrected modern reservoir ages (that is, modern
plus 250 years at the LGM) were used and added to the benthic-planktonic age
offset to determine the deep ocean-atmospheric age offset (Supplementary
Table 2).

Stratigraphic alignments. The cores were stratigraphically aligned to the Hulu
speleothem §'80 record and the NGRIP dust record® (on the GICCO5 age
model®®%). The NGRIP dust content changes rapidly and synchronously with
changes in ice core 8180 (ref. 61). NGRIP dust, which is predominantly sourced
from East Asian deserts®2~%%, increases during cold periods®. These increases are
caused by atmospheric changes®®%” and/or intensified sources®®, but the exact
mechanism is unconstrained. The Hulu speleothem & 80 record resembles East
Asian monsoon changes and is highly correlated with millennial scale Greenland
temperature variations®>%.

The sediment cores were aligned using elemental ratios determined using
high-resolution XRF. Zr/Sr ratios were used to align the Iberian Margin cores. Zr/
Sr anti-correlates strongly with Ca/Ti in these cores. The Zr/Sr and Ca/Ti ratios
reflect the relative input of biogenic (Ca, Sr) and detrital (Zr, Ti) material, and have
been shown to correlate strongly with planktonic & 80 and alkenone sea-surface
temperatures on the Iberian Margin, as well as with millennial scale variations in
Greenland ice core § 80 (ref. 70). Zr/Sr values are generally higher during stadials
and lower during interstadials, whereas Ca/Ti ratios show the opposite trend.

A master core, SHAKO03-6K was selected for the Iberian Margin through which
the other cores were aligned. SHAK03-6K was chosen as the master core based on
its high quality (no discontinuities) and age range (SHAK14-4G was also of very
high quality but only reached back to ~ 20 kyrs). SHAK03-6K was aligned to both
the Hulu speleothem and the NGRIP dust record using a series of tie points
(Supplementary Fig. 2). No tie-points were used in the interval 0-11.4 kyrs BP
because of the lack of clear signals in the records. The calendar ages at tie points in
SHAKO3-6K were then transferred to all the other Iberian Margin cores
(Supplementary Fig. 3).

XRF data. The Iberian Margin cores were scanned at the University of Cambridge
using an Avaatech XRF core scanner (2nd generation). The surface of the cores was
scraped clean then covered with a 4-um SPEXCertiPrep Ultralene foil to avoid
contamination and to prevent the cores drying out and cracking. Each section was
measured at three different voltages and currents: 10kV and 750 pA, 30kV and
500 pA, and at 50kV and 1,000 pA. The entire length of each core was analysed at
5-mm resolution with an irradiated surface length and width of 5mm (downcore)
and 12 mm (cross core), respectively. The count time was 60 s for each measure-
ment. Element intensities were obtained by post-processing of the XRF spectra
using the Canberra WinAxil software with standard software settings and
spectrum-fit models.

Data availability. The data supporting the findings of this study are available
within the article and its Supplementary Information files.
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