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Sequestration of carbon in the deep Atlantic
during the last glaciation
J. Yu1*, L. Menviel2,3, Z. D. Jin4, D. J. R. Thornalley5, S. Barker6, G. Marino1, E. J. Rohling1,7, Y. Cai4,
F. Zhang4, X. Wang8, Y. Dai1, P. Chen1,9 and W. S. Broecker10
Atmospheric CO2 concentrations declined markedly about 70,000 years ago, when the Earth’s climate descended into the
last glaciation. Much of the carbon removed from the atmosphere has been suspected to have entered the deep oceans, but
evidence for increased carbon storage remains elusive. Here we use the B/Ca ratios of benthic foraminifera from several sites
across the Atlantic Ocean to reconstruct changes in the carbonate ion concentration and hence the carbon inventory of the
deep Atlantic across this transition. We find that deep Atlantic carbonate ion concentration declined by around 25 µmol kg−1
between ∼80,000 and 65,000 years ago. This drop implies that the deep Atlantic carbon inventory increased by at least
50 Gt around the same time as the amount of atmospheric carbon dropped by about 60 Gt. From a comparison with proxy
records of deep circulation and climate model simulations, we infer that the carbon sequestration coincided with a shoaling
of the Atlantic meridional overturning circulation. We thus conclude that changes in the Atlantic Ocean circulation may have
played an important role in reductions of atmospheric CO2 concentrations during the last glaciation, by increasing the carbon
storage in the deep Atlantic.

I

ce-core records show a tight correlation between changes in
atmospheric CO2 and Antarctic temperature, suggesting an
important impact of atmospheric CO2 fluctuations on Earth’s
climate on orbital and millennial timescales1,2 . During the last glacial
cycle, a major climate change occurred at the Marine Isotope Stage
(MIS) 5–4 transition around 70 thousand years ago (ka), with
significant global cooling, substantial build-up of polar ice sheets,
and profound ocean circulation changes2–6 . The atmospheric CO2
decline across this transition accounts for about one-third of the
entire interglacial–glacial atmospheric CO2 drawdown1,2 . Although
the deep ocean is the widely suspected culprit for lowering glacial
atmospheric CO2 (refs 7,8), through biogeochemical and physical
processes5,9–11 , convincing evidence for carbon sequestration in the
deep ocean is limited12,13 , and the role of ocean circulation changes in
deep-sea carbon storage remains elusive5,9 . Here, we quantify carbon
budget change in the deep Atlantic and investigate its relationship
with changes in the Atlantic meridional ocean circulation (AMOC)
across the MIS 5–4 transition.
Seawater carbonate ion concentration ([CO3 2− ]) is primarily
governed by dissolved inorganic carbon (DIC) and alkalinity (ALK;
Fig. 1); other parameters such as temperature and salinity play only
minor roles when ALK and DIC remain unchanged14,15 . Changes
(∆) in [CO3 2− ], DIC and ALK can be approximated by
∆[CO3 2− ] ≈ k × (∆ALK − ∆DIC )

(1)

where k = 0.59 ± 0.01 (1σ ; used throughout; Supplementary
Figs 1 and 2). Therefore, with sound knowledge about ∆ALK ,

reconstructions of deep-water ∆[CO3 2− ] allow an estimate of ∆DIC ,
the term that ultimately determines the carbon budget change of the
investigated ocean reservoir. Equation (1) successfully predicts DIC
in the pre-industrial deep Atlantic Ocean16 (Fig. 1b).

Deep Atlantic [CO3 2− ] reconstructions

We present deep-water [CO3 2− ] during ∼90–50 ka for 10 sediment
cores (6 new and 4 from refs 17,18) from a wide geographic and
depth range in the Atlantic Ocean (Fig. 1). Deep-water [CO3 2− ]
is reconstructed using B/Ca in the epifaunal benthic foraminifer
Cibicidoides wuellerstorfi, with an uncertainty of ±5 µmol kg−1
for [CO3 2− ] from core-top calibration19 (Supplementary Fig. 3).
Sediment-core age models are constructed by tuning all benthic
δ18 O records to the LR04 δ18 O stack20 (Supplementary Figs 4–6 and
Supplementary Tables 1–3). The age ranges for MIS 5a (85–75 ka)
and MIS 4 (69–59 ka) are based on light (.3.3h) and heavy
(&3.8h) benthic δ18 O values, respectively.
Figure 2 shows that C. wuellerstorfi B/Ca decreased from MIS 5a
to MIS 4 in all 10 cores. Relative to mean MIS 5a, deviations
of B/Ca (∆B/Ca ) during MIS 4 are −20 ± 5 µmol mol−1 (n = 35)
in 7 cores from the eastern basin and −42 ± 11 µmol mol−1
(n = 21) in 3 cores (EW9209-2JPC, RC16-59, and GeoB11183) from the western Atlantic (Fig. 3a,b and Supplementary
Table 4). As C. wuellerstorfi B/Ca is minimally biased by postmortem dissolution19,21 , we attribute decreased MIS 4 B/Ca
values to reductions in deep-water [CO3 2− ]. Using a core-topderived sensitivity of 1.14 µmol mol−1 per µmol kg−1 specific
to C. wuellerstorfi19 , benthic ∆B/Ca values suggest 18 ± 6 and
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Figure 1 | Pre-industrial Atlantic Ocean carbonate chemistry and sediment cores. a, Locations of studied cores (circles) against meridional DIC
(colour-shading) and [CO3 2− ] (contours, µmol kg−1 ). Inset shows the transect16,47 . Cores: a, MD95-2039; b, MD01-2446; c, EW9209-2JPC; d, RC16-59;
e, GEOB1115-3; f, GEOB1117-2; g, GEOB1118-3; h, RC13-228; i, RC13-229; j, TNO57-21 (Supplementary Table 1). b, Predicted versus measured DIC.
c, DIC versus [CO3 2− ]. The blue line shows the expected DIC trend based on equation (1) when ∆ALK = 0 (Supplementary Information). d, ALK versus
[CO3 2− ]. Red lines (b–d) represent linear regressions of the deep Atlantic data (>2.5 km, 70◦ S–70◦ N, 15◦ E–65◦ W; ref. 16).

37 ± 12 µmol kg−1 [CO3 2− ] reductions in the eastern and western
basins, respectively (Fig. 3a). Considering all 10 cores, benthic
B/Ca decreased by 28 ± 13 µmol mol−1 (n = 56), corresponding to a
25 ± 13 µmol kg−1 decline in [CO3 2− ], from MIS 5a to MIS 4 (Fig. 3).
Different from ∆B/Ca , benthic δ13 C amplitudes are similar
between cores at ∼3.5 km water depth from the eastern
(MD01-2446 and MD95-2039) and western (EW9209-2JPC and
RC16-59) North Atlantic (Supplementary Fig. 7). One possibility
for this contrast is different δ13 C endmembers in the source waters
ventilating the two basins during MIS 4. δ13 C heterogeneity of
northern-sourced waters has been reported for the Last Glacial
Maximum14,22 . We here attribute the larger ∆B/Ca to a greater ocean
circulation change in the western basin (Supplementary Fig. 8),
necessitating a higher source-water δ13 C for the western Atlantic
during MIS 4. Future work is required to validate this, but the
associated uncertainties do not affect our conclusions.
Benthic B/Ca and δ18 O are negatively correlated in each core
(Supplementary Figs 9 and 10). This suggests that the decrease
in deep-water [CO3 2− ] into MIS 4 was associated with deep-sea
cooling and continental ice build-up, which are thought to be linked
to declining atmospheric CO2 during glaciation1–3,23 . The overall
pattern of deep-water [CO3 2− ] changes, identified through Monte
Carlo-style probabilistic assessment of the combined [CO3 2− ]
reconstructions for our 10 cores, shows a first-order similarity to the
evolution of atmospheric CO2 , in that both deep Atlantic [CO3 2− ]
and atmospheric CO2 decreased from MIS 5a to MIS 4 (Fig. 3c,d)1,2 .
This provides evidence to support previous suggestions11,14,18,24
320

that changes in deep Atlantic carbonate chemistry played
an important role in glacial–interglacial atmospheric
CO2 variations.
As our data are from 10 sites widely distributed in the Atlantic
(water depth: ∼2.9–5 km, latitude: 41◦ S–41◦ N; Fig. 1), we consider
that the 25 ± 13 µmol kg−1 reduction in deep-water [CO3 2− ]
approximates the mean [CO3 2− ] change in the entire deep Atlantic
(&3 km) from MIS 5a to 4 (Fig. 3a–c). As a cross-check, we use
the [CO3 2− ]–δ13 C relationship and the mean deep Atlantic δ13 C
change to infer the mean deep Atlantic [CO3 2− ] decrease across the
MIS 5a–4 transition (Supplementary Figs 11 and 12). In our 10 cores,
deep-water [CO3 2− ] is significantly correlated with benthic δ13 C
(r 2 = 0.50, P < 0.0001), yielding a slope of 0.0228h per µmol kg−1 .
A previous compilation study has revealed an average decline of
∼0.45h in benthic δ13 C throughout the deep Atlantic from MIS 5a
to MIS 4 (ref. 25). If the [CO3 2− ]–δ13 C relationship observed at
our 10 geographically widely distributed sites is applicable to other
locations in the deep Atlantic, a 0.45h drop in δ13 C suggests
a ∼20 µmol kg−1 reduction in deep-water [CO3 2− ], falling within
the uncertainty of 25 ± 13 µmol kg−1 calculated from our [CO3 2− ]
reconstructions (Fig. 3a–c).

Quantifying carbon sequestration
Equation (1) indicates that changes in [CO3 2− ] depend on variations
in ALK and DIC. Four lines of evidence suggest that the lowered
deep-water [CO3 2− ] during MIS 4 was not caused by an ALK
drop, but by an increase in deep Atlantic DIC. First, when [CO3 2− ]
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Figure 2 | Reconstructed [CO3 ] from C. wuellerstorfi B/Ca in the deep
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that drives up oceanic ALK (refs 8,14). This was illustrated in the
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Atlantic Deep Water (NADW) to Antarctic Bottom Water (AABW)
was accompanied by an ALK rise16 (Fig. 1d). Our studied cores
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Third, benthic Ba/Ca ratios, a proxy for deep-water ALK (ref. 30),
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Atlantic (Supplementary Fig. 13). Fourth, model studies suggest
higher ocean ALK in glacials than in interglacials11,31 .
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Figure 3 | Deep Atlantic carbon budget across the MIS 5a–4 transition.
a, Histogram and averages (squares ±1 s.d.) of ∆B/Ca (deviations of
individual measurements from the B/CaMIS5a mean) and corresponding
∆[CO3 2− ] (upper x axis) for MIS 5a (red) and 4 (green: eastern basin; grey:
western basin; black: all cores). b, Temporal ∆B/Ca and ∆[CO3 2− ] evolutions,
with minimum ∆DIC calculated by equation (1) assuming ∆ALK = 0. Letters
refer to cores, as shown in Fig. 1a. c, Monte Carlo-style probabilistic
assessment of [CO3 2− ] shown in b (curve: probability maximum; envelope:
±95% probability interval). ∆6carbon represents minimum total carbon
change in the deep Atlantic; its equivalent quantity in atmospheric CO2
change is scaled by 1 ppm CO2 = 2.1 GtC. d, Atmospheric CO2 (refs 1,2).
EDML, EPICA Dronning Maud Land; Byrd, Byrd Station, Antarctica.

To quantify the magnitude of deep-water DIC increase (Fig. 3b
and Supplementary Information), we first assume no change
in ALK (that is, ∆ALK = 0), and subsequently evaluate how this
assumption affects the conclusions. According to equation (1), a
25 ± 13 µmol kg−1 decline in deep-water [CO3 2− ] translates into a
42 ± 22 µmol kg−1 increase in DIC. Using a mass of 10.1 × 1019 kg
for waters below 3 km in the Atlantic, we calculate that a total
amount of 51 ± 27 Gt extra carbon was sequestered in the deep
Atlantic during the MIS 5a–4 transition (Fig. 3c). During this
period, atmospheric CO2 declined by 28 ± 11 ppm (MIS 5a:
237 ± 8 ppm; MIS 4: 208 ± 8 ppm), corresponding to a loss of
60 ± 23 Gt carbon from the atmosphere1,2 (Fig. 3d). Therefore, the
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The high sedimentation rate (∼15 cm per 1,000 yr) in TNO57-21 through
the 75–65 ka interval significantly minimizes bioturbation influences on
geochemical tracers.

carbon stock increase in the deep Atlantic is, in quantity, equivalent
to ∼86 ± 56% of the concurrent atmospheric CO2 drawdown across
the MIS 5a–4 transition.
Note that the deep Atlantic carbon budget change calculated
above is likely to represent a conservative estimate owing to a
possible rise in the global ocean ALK. CO2 sequestration in the
deep ocean across MIS 5a–4 would inevitably raise deep-water
acidity, lower seawater [CO3 2− ], and consequently intensify deepsea CaCO3 dissolution (Fig. 2). By raising the whole-ocean ALK,
the so-called deep-sea carbonate compensation (Supplementary
Information) serves as a negative feedback to restore the global
deep-water [CO3 2− ] to levels at which the global ocean ALK input
(mainly from continental weathering) reaches a new steady state
with ALK output (by shelf and deep-sea carbonate burial)8,14,21,32–34 .
The effect of carbonate compensation may be manifested by
partial reversals of [CO3 2− ] in MD01-2446, EW9209-2JPC and
RC16-59 (Fig. 2). However, none of the studied [CO3 2− ] records
returned to the MIS 5a levels within the ∼10,000-year duration of
MIS 4, compared with the relaxation timescale of ∼5–7,000 years
associated with carbonate compensation32 . Nevertheless, the deep
Atlantic [CO3 2− ] results shown in Fig. 3b cannot be treated as
the global mean changes, for which [CO3 2− ] variations in the
322

deep Indo-Pacific have to be taken into account33 . Considering the
increased CaCO3 burial and [CO3 2− ] in the deep Pacific during
the last phase of MIS 4 (refs 35,36), the steady-state global mean
deep-water [CO3 2− ] might remain roughly stable from MIS 5a to
MIS 4, consistent with previous modelling work33,37 . As there was
increased carbon sequestration in the glacial deep ocean7,8,11,12 , a
relatively stable deep-sea [CO3 2− ] would suggest a greater ALK
inventory during MIS 4. Alternatively, reduced weathering (perhaps
induced by cold–dry glacial climates32 ) coupled with a weakening
or shutdown of NADW can also maintain deep Atlantic [CO3 2− ]
at low values for ∼8,000 years without invoking a global ALK
change, as shown by models (Supplementary Figs 15 and 19). These
scenarios are not mutually exclusive and are both consistent with the
carbonate compensation theory. Insufficient evidence is available
to reject either scenario, but a large change in weathering may not
be expected given an opposing effect from the exposure of shelves3
that tends to enhance carbonate weathering38 . If global weathering
remained roughly constant, then the global ocean ALK would have
been higher during MIS 4 than during MIS 5a. Without a global ALK
increase due to carbonate compensation, a much larger [CO3 2− ]
decrease would be expected in the deep Atlantic during MIS 4.
Given a deep-water [CO3 2− ] reduction, equation (1) suggests
that for every unit increase in ALK the DIC increase would be
one unit higher than the number calculated assuming ∆ALK = 0.
This is demonstrated by distributions of carbon species in today’s Atlantic Ocean16 (Fig. 1): to account for the ∼40 µmol kg−1
[CO3 2− ] reduction between NADW ([CO3 2− ] = ∼120 µmol kg−1 )
and AABW ([CO3 2− ] = ∼80 µmol kg−1 ), equation (1) would predict
a ∆DICAABW−NADW of ∼68 µmol kg−1 without any change in ALK,
which is ∼38% smaller than the observed DIC change (Fig. 1c). The
difference is caused by a ∼40 µmol kg−1 ALK increase from NADW
to AABW (Fig. 1d). Had the pre-industrial ∆[CO3 2− ] /∆DIC ratio of
−0.37 been applied, which empirically includes the ALK changes
(Fig. 1c), then our calculated deep Atlantic carbon storage increase
would be amplified by a factor of 1.6, and the quantity of carbon
sequestration in the deep Atlantic would be comparable (within
uncertainties) to the entire atmospheric CO2 decline from MIS 5a
to MIS 4. Additionally, consideration of larger ∆B/Ca in the western
Atlantic, which is under-sampled at present (Fig. 3a), would potentially raise the estimate of carbon sequestration in the deep Atlantic.

Reasons for carbon sequestration
Enhanced carbon storage in the deep Atlantic during MIS 4 may
have resulted from a synergy of physical and biogeochemical
processes8,11 . Regarding physical processes, sediment neodymium
isotopes (εNd; an ocean circulation proxy) imply an increased
contribution of CO2 -rich southern-sourced abyssal waters (Fig. 1)
in the deep Atlantic at the MIS 5a–4 transition9,39 . During
MIS 4, the NADW–AABW boundary probably shoaled to ∼2–3 km
water depth, and was located above major topographic ridges
and seamounts5,39 . Such an AMOC rearrangement would weaken
diapycnal mixing between water masses, enhance water-column
stratification, and thereby facilitate the retention of sequestered
carbon in the deep ocean4,40 . In core TNO57-21, a sharp ∼1ε unit
increase in εNd at ∼70 ka (ref. 9) exactly coincided with a
rapid ∼12 µmol kg−1 decline in deep-water [CO3 2− ] (Fig. 4). As
seawater [CO3 2− ] is primarily determined by DIC and ALK, both
of which place direct constraints on the oceanic carbon cycle8,11,32,34 ,
synchronous changes in εNd and [CO3 2− ] indicate a tight coupling
between AMOC and carbon cycling in the deep Atlantic during
the last glaciation. An ∼0.5h decrease in benthic δ13 C (Fig. 4b)41
at ∼72 ka was previously interpreted to reflect a global carbon
budget change to predate an AMOC reorganization9 . Were this
δ13 C decline caused by carbon transfer from land biosphere9 , it
would concomitantly decrease deep-water [CO3 2− ] and intensify
deep-sea CaCO3 dissolution, a phenomenon not observed in
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TNO57-21 (Figs 2f and 4). Instead, we contend that the δ13 C decline
might reflect processes such as air–sea isotopic exchange42 . The
coupling of AMOC and carbon cycling is further corroborated by
results from two Earth system models of intermediate complexity:
halving NADW formation leads to 10–30 µmol kg−1 reductions in
[CO3 2− ] below ∼3 km in the deep Atlantic without causing deepsea anoxia (Supplementary Figs 22 and 23). Additionally, cooler
climate during MIS 4 would raise CO2 solubility and preformed
DIC of deep waters13,43 , enhancing CO2 sequestration in the deep
ocean. Regarding the biogeochemistry, the decreased deep Atlantic
[CO3 2− ] during MIS 4 is consistent with greater water-column
remineralization due to reduced vertical mixing associated with a
shoaled AMOC (refs 5,6,39,44) and a more efficient biological pump
in the glacial Southern Ocean perhaps stimulated by increased
iron availability10 , both of which would increase sequestration of
respiratory DIC into the ocean interior and decrease atmospheric
CO2 (refs 8,11,45,46; Supplementary Fig. 25).
Overall, our calculations highlight that, despite its relatively
modest proportion (∼30%) of the global deep ocean volume, the
deep Atlantic sequestered a substantial amount of carbon during the
last glaciation at ∼70 ka. The sequestered amount is quantitatively
comparable to the contemporary carbon loss from the atmosphere.
We also find that this large carbon sequestration was tightly coupled
with AMOC changes. The movements of carbon between reservoirs
in the atmosphere–land biosphere–ocean system are intricately
linked, and future studies may aim to quantify the contributions
from individual sources to the increased carbon storage in the deep
ocean during glaciations.

Methods
Methods and any associated references are available in the online
version of the paper.
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16 February 2016
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Erratum: Sequestration of carbon in the deep Atlantic during the last glaciation
J. Yu, L. Menviel, Z. D. Jin, D. J. R. Thornalley, S. Barker, G. Marino, E. J. Rohling, Y. Cai, F. Zhang, X. Wang, Y. Dai, P. Chen
and W. S. Broecker
Nature Geoscience http://dx.doi.org/10.1038/ngeo2657 (2016); published online 8 February 2016; corrected online 16 February 2016.
In the version of the Article originally published online, Fig. 3a was displayed incorrectly. Additionally, the label in Fig. 2b, should have
read ‘4°−6° N, 3.5 km’. These errors have been corrected in all versions of the Article.
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