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Key Points: 

�  Increased ventilation ages occurred at all sites during the northern hemisphere stadials 
Heinrich Stadial 1, and the Younger Dryas. 

�  The entire Atlantic was flushed with well-ventilated waters at the onset of the 
Bølling-Allerød. 

�  Deglacial CO2 rise linked to abrupt releases from the Atlantic and more sustained 
release from the Southern Ocean and/or Pacific. 
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Abstract 

Changes in ocean ventilation, controlled by both overturning rates and air-sea gas exchange, 

are thought to have played a central role in atmospheric CO2 rise across the last deglaciation. 

Here we constrain the nature of Atlantic Ocean ventilation changes over the last deglaciation 

using radiocarbon and stable carbon isotopes from two depth transects in the Atlantic basin. 

Our findings broadly cohere with the established pattern of deglacial Atlantic overturning 

change, and underline the existence of active northern sourced deep-water export at the Last 

Glacial Maximum (LGM). We find that the western Atlantic was less affected by incursions 

of southern-sourced deep water, as compared to the eastern Atlantic, despite both sides of the 

basin being strongly influenced by the air-sea equilibration of both northern- and southern 

deep-water end-members. Ventilation at least as strong as modern is observed throughout the 

Atlantic during the Bølling-Allerød (BA), implying a ‘flushing’ of the entire Atlantic water 

column that we attribute to the combined effects of AMOC reinvigoration and increased air-

sea equilibration of southern sourced deep-water. This ventilation ‘overshoot’ may have 

counteracted a natural atmospheric CO2 decline during interstadial conditions, helping to 

make the BA a ‘point of no return’ in the deglacial process. While the collected data 

emphasize a predominantly indirect AMOC contribution to deglacial atmospheric CO2 rise, 

via far field impacts on convection in the Southern Ocean and/or North Pacific during HS1 

and the YD, the potential role of the AMOC in centennial CO2 pulses emerges as an 

important target for future work. 

 

1 Introduction 

Over the last deglaciation the Atlantic Ocean circulation transitioned from a glacial state with 

shoaled North Atlantic Deep Water (NADW) (e.g. Adkins, 2013; Bradtmiller et al., 2014; 

Curry and Oppo, 2005; Freeman et al., 2016b; Lippold et al., 2012) to the modern, 

interglacial state with a strong and deep NADW production. During this transition a series of 

abrupt, millennial-scale climate events occurred (e.g. Blunier and Brook, 2001; Clark et al., 

2002; Sarnthein et al., 1994). These events are thought to be linked to perturbations of the 

Atlantic Ocean circulation that have been identified in numerous records (e.g. Gherardi et al., 
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2005; McManus et al., 2004; Ng et al., 2018; Piotrowski et al., 2004; Skinner and Shackleton, 

2004), and which may have played an active role in the deglacial process (Cheng et al., 2009; 

Denton et al., 2010; Wolff et al., 2009). Two millennial-scale northern hemisphere stadials 

are recorded during the last deglaciation, Heinrich Stadial 1 (HS1) and the Younger Dryas 

(YD) (Björck et al., 1998). These are separated by a relatively warm period in the northern 

hemisphere, the Bølling-Allerød (B/A), which is synchronous with a cooling in the southern 

hemisphere, the Antarctic Cold Reversal (ACR) (Björck et al., 1998; Blunier and Brook, 

2001). During these periods the Atlantic Ocean circulation may well have been different from 

both that of the Last Glacial Maximum (LGM) and that of the modern ocean (e.g. Gherardi et 

al., 2005; Gherardi et al., 2009; McManus et al., 2004; Ng et al., 2018; Roberts et al., 2010; 

Thiagarajan et al., 2014).  

 

The Atlantic Meridional Overturning Circulation (AMOC) is thought to have been 

significantly reduced during HS1 and the YD as a result of freshwater input in the North 

Atlantic that prevented waters becoming dense enough to form deep waters (e.g. Clark et al., 

2002; Ganopolski and Rahmstorf, 2001; McManus et al., 2004; Piotrowski et al., 2012), 

though other triggering mechanisms are also possible (e.g. Dokken et al., 2013). A reduction 

in the AMOC would have reduced the heat transport to the North Atlantic, while causing a 

warming in the southern hemisphere (Ganopolski and Rahmstorf, 2001; Schmittner et al., 

2003; Seidov and Maslin, 2001). The B/A warming in the northern hemisphere has been 

linked to an abrupt intensification of the AMOC (Barker et al., 2009; McManus et al., 2004; 

Muscheler et al., 2004; Skinner and Shackleton, 2004; Thiagarajan et al., 2014), which may 

have penetrated particularly deeply into the Southern Ocean (Barker et al., 2009; Skinner et 

al., 2013; Waelbroeck et al., 2011).  
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During these northern hemisphere stadials, the atmospheric CO2 level (CO2-atm) rose 

gradually, albeit with more abrupt increases at the end of each stadial (~14.8 and 11.7 kyrs 

BP), as well as in the middle of HS1 (~16.3 kyrs BP) (Marcott et al., 2014; Monnin et al., 

2001). During these more abrupt increases, CO2-atm rose by 10-15 ppm in just 100-200 years 

(Marcott et al., 2014). The rapidity of these CO2-atm ‘jumps’ would be consistent with a 

release of CO2 from the ocean (Chen et al., 2015), though terrestrial carbon release has also 

been proposed (Köhler et al., 2014). Atmospheric radiocarbon activity (Δ 14Catm) fell during 

each deglacial North Atlantic stadial and associated gradual pCO2 increase (Reimer et al., 

2013), suggestive of a radiocarbon-depleted source of CO2, such as the deep ocean (e.g. 

Burke and Robinson, 2012; Skinner et al., 2010). However, it is possible that anomalies in 

CO2-atm and Δ14Catm did not maintain a constant link during the last deglaciation (Hain et al., 

2014).  Thus, centennial/millennial Δ14Catm changes may have been dominated by variations 

in the rate and extent of NADW formation, which had only a minor direct impact on 

atmospheric pCO2 (Hain et al., 2014), but which nonetheless were temporally linked to 

changes in deep ocean ventilation via the Southern Ocean (Anderson et al., 2009; Skinner et 

al., 2013; Skinner et al., 2014) that had a much stronger, if also slower, impact on CO2-atm 

(Hain et al., 2014; Kohler et al., 2005). The possible role of AMOC variability in CO2-atm rise 

across the last deglaciation is further complicated by the suggestion of countervailing impacts 

during HS1 in particular, when an inferred increase in the respired carbon budget of the 

intermediate- and deep Atlantic (Lacerra et al., 2017; Schmittner and Lund, 2015) would 

have acted against any deglacial redistribution of carbon from the ocean interior to the 

atmosphere, as inferred from e.g. carbonate-ion saturation reconstructions (Yu et al., 2010).  

 

While deglacial changes in CO2-atm and Δ14Catm are both likely to be influenced in some way 

by changes in the ocean circulation over the last deglaciation, many questions remain 
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concerning how and where carbon was released from the ocean, as well as the respective 

roles of the North and South Atlantic for example. The lack of a more complete 

understanding of the key deglacial processes is, in part, due to the scarcity of well resolved 

deglacial records of palaeoceanographic proxies, combined with inherent ambiguities 

associated with each proxy. Despite their potential to provide vital information on both the 

pattern and the rate of overturning circulation, high resolution radiocarbon-ventilation 

records, in particular, are lacking in much of the Atlantic Ocean over the deglaciation. 

 

Here we present a series of new radiocarbon-based ventilation ages for a suite of cores on the 

Brazil Margin and the Iberian Margin to investigate changes in the distribution of 

radiocarbon in the Atlantic Ocean at key time intervals over the last deglaciation. These are 

combined with stable carbon isotope data to help infer changes in the Atlantic Ocean 

circulation and the impact they had on the carbon cycle.  

 

2 Materials and Methods  

2.1 Radiocarbon and stable carbon measurements 

Radiocarbon measurements were obtained for benthic and planktonic foraminifera from a 

suite of sediment cores from the Iberian Margin and the Brazil Margin (Figure 1; Table 1). 

Stable carbon isotopes were measured on Cibicidoides wuellerstorfi from the same samples, 

where possible. No stable isotope data were measured in SHAK10-10K due to a lack of 

C.wuellerstorfi. Data for core GS07-150-17/1GCA are from (Freeman et al., 2015), and for 

core MD99-2334K from (Skinner et al., 2014). Published stable carbon isotope data from 

core MD09-3257 (Waelbroeck et al., 2018) are supplemented here by additional 
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measurements. The sediment age models and surface reservoir ages that apply to each of 

these cores have been updated as described below.  

 

Foraminifera were picked from the >212μm size fraction and where necessary, from the 150-

212μm fraction. Monospecific samples of planktonic foraminifera, 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. Samples were graphitised using a 

standard hydrogen/iron catalyst reduction method (Freeman et al., 2016a; Vogel et al., 1984). 

AMS-14C dates were measured at the 14Chrono Centre, Queens University Belfast. All dates 

are reported as conventional radiocarbon ages following (Stuiver and Polach, 1977).  

 

Stable carbon isotope measurements were conducted in the Godwin Laboratory, University 

of Cambridge. Each measurement was run on 1-4 individuals with a combined mass of 50-

180μg. Samples were reacted with orthophosphoric acid (100%) and analysed, in comparison 

with a reference gas, using a dual inlet Thermo MAT 253 mass spectrometer connected to a 

Kiel device. For sediment core MD09-2356Q, stable carbon isotope measurements were also 

performed at the LSCE in Gif-sur-Yvette (France), on Finnigan Δ+ and Elementar Isoprime 

mass spectrometers. All results are reported with reference to the international standard 

VPDB, as δ13C, with a precision better than ± 0.06 ‰. 

 

2.2 Chronologies 

Calendar age models were constructed for all sediment cores through a multi-stage process 

(Skinner et al., 2010; Skinner et al., 2014). The first step in this process consisted of: 1) using 

chronostratigraphic alignments in ‘master cores’ from each region to provide calendar age 
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constraints for a set of tie-points; 2) transferring these calendar age constraints to other 

sediment cores in each region, via stratigraphic alignments between the sediment cores; and 

3) combining calendar age constraints with radiocarbon dates in each core (interpolating the 

latter where necessary, as these are generally available at higher resolution than the calendar 

age pins) to infer surface ‘reservoir age offsets’, which apply exclusively where calendar ages 

are directly constrained.  At this stage, the amplitude and regional consistency of the inferred 

reservoir age variability was assessed.  If reservoir ages were found to differ significantly 

from the ‘passive ocean’ response that is expected due to changes in atmospheric pCO2 

(Galbraith et al., 2015), then sediment age-depth models were constructed using a regional 

radiocarbon calibration that takes into account the average reservoir age variability in the 

region (Skinner et al., 2019), using the Bchron age-depth modeling package (Parnell et al., 

2008). This was the situation for Iberian Margin cores (see Figure 3b), as has been inferred 

previously (Freeman et al., 2016b; Skinner et al., 2014).  If reservoir ages were found to vary 

broadly as expected from pCO2 effects, then a radiocarbon calibration based on the ‘passive 

ocean’ response modelled by (Butzin et al., 2017) was incorporated into Bchron instead. This 

was the case for the Brazil Margin cores (see Figure 4b), in line with the approach taken by 

(Waelbroeck et al., 2019). 

 

Initial calendar age constraints for the Brazil Margin cores were derived by alignment of 

XRF measurements in MD09-3257 (as an indicator of terrigenous clastic supply (Burckel et 

al., 2015)) to the high-resolution NGRIP dust record (Ruth et al., 2003) on the GICC05 age-

scale (Svensson et al., 2008) (Figure S1). This strategy is supported by the co-occurrence of 

Greenland stadials with dry periods in Brazil, as recorded in U-series dated δ18O records from 

the El Condor and Cueva del Diamante speleothems (Cheng et al., 2013). The resulting 

calendar age ‘pins’ were then transferred to the other Brazil Margin sediment cores, via an 
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alignment of their respective XRF records (see supplementary material, Figure S2).  For the 

Iberian Margin cores, initial calendar age constraints were obtained by aligning sedimentary 

CaCO3%, and planktonic stable oxygen isotopes, in the ‘master core’ MD99-2334K (Skinner 

et al., 2014), to the event stratigraphies recorded in the Hulu speleothem (Southon et al., 

2012) and the NGRIP dust record (Ruth et al., 2003), respectively. We propose that these 

archives provide valuable age constraints for the middle- (Skinner et al., 2014) and onset of 

Heinrich Stadial 1 (Missiaen et al., 2019)) (Figure S3).  The resulting age constraints were 

transferred to all other sediment cores from the Iberian Margin via an alignment of high 

resolution XRF data (Freeman et al., 2016b) (see supplementary material, Figure S4). This 

transfer of calendar ages was done for the purpose of calculating the surface reservoir ages 

that are implied by the chronostratigraphic alignment of each sediment core. As noted above, 

the resulting surface reservoir ages were then used to correct planktonic radiocarbon dates in 

each core, and thereby generate calibrated radiocarbon chronologies (and associated 

uncertainties) using Bchron (see Figures S5 and S6). 

 

Simpler approaches to the development of chronologies are possible, but come with 

identifiable drawbacks.  Firstly, the simple assumption of invariant reservoir ages must be 

defended through reference to independent age constraints wherever possible; here we again 

confirm that the assumption of invariant reservoir ages on the Iberian Margin (e.g. Stern and 

Lisiecki, 2013), which experienced ice-rafted debris deposition and significant meltwater 

supply during Heinrich events (e.g. de Abreu, 2000; Martrat et al., 2007; Skinner and 

Shackleton, 2006; Skinner et al., 2003), is not supported.  Secondly, while the more direct 

approach of producing calendar age models from (necessarily) sparse calendar age tie-points 

(perhaps using a sophisticated, e.g. Bayesian, interpolation scheme) may be entirely 

appropriate in many contexts, it can have the effect of producing reservoir age anomalies 
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where the only constraint on calendar ages is provided by the assumption of approximately 

constant sedimentation rates (e.g. Umling and Thunell, 2017). Although it can be defended, 

this approach might not be ideal in a study focusing on marine radiocarbon disequilibria, 

where we might instead opt to only infer minima/maxima in reservoir ages (and therefore in 

deep-water radiocarbon ventilation ages) where we have direct chronostratigraphic 

constraints on the calendar age of radiocarbon dates. 

 

Finally, it is important to note that the final chronologies for the sediment cores do not rely 

directly on precise claims regarding the stratigraphic alignments, as these are only used to 

assess surface reservoir age variability in each region.  For the Brazil Margin cores, the 

stratigraphic alignments are not used at all for the final chronologies, which instead derive 

from calibrated radiocarbon dates, as performed by (Waelbroeck et al., 2019). For the Iberian 

Margin cores, a uniform uncertainty of 200 years is applied to all tie-point calendar ages, 

which is propagated to the reservoir age estimates using Radcal (Soulet, 2015) (see Figure 

3b).  Only the median reservoir age values provided by Radcal are interpolated down-core 

and used to generate sediment age-depth models using Bchron (i.e. without attempting to take 

into account the R-age and interpolation uncertainties).  However, the final uncertainties in 

the resulting Bchron sediment age-depth models readily encompass the plausible level of 

uncertainty in the initial ‘target’ stratigraphic alignments. This is confirmed by the fact that 

the initial chronostratigraphic alignments proposed for the ‘master cores’ in each region 

(MD99-2334K and MD09-3257) are not strictly adhered to by the final Bchron chronologies, 

but do generally lie within the uncertainty limits (see supplementary Figures S5 and S6). 

However, it is notable that adopting a scenario of ‘minimal’ surface reservoir age variability 

on the Brazil Margin, i.e. as modelled by (Butzin et al., 2017) and consistent with the 

approach of (Waelbroeck et al., 2019), results in younger calendar ages at what we believe 
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represents the HS1-BA transition than based on stratigraphic alignment (see Figure 4, and 

Figure S6). The implications of these age-model differences for radiocarbon ventilation age 

estimates is illustrated in Figures 3 and 4. Due to the inherent uncertainties (and potential 

biases) in the age-models, we urge some caution in interpreting the centennial-scale timing of 

proxy changes, in particular near the BA transition on the Brazil Margin. Our final 

chronologies represent a compromise between hypothetical chronostratigraphic alignments, 

regional coherence of reservoir age variability, planktonic radiocarbon dating, and possible 

sedimentation rate variability between dated intervals. This compromise is motivated by the 

expectation that an ‘optimal chronology’ would fully satisfy all of these constraints at once.  

 

3 Results 

3.1 Deglacial ocean ventilation on the Iberian Margin and the Brazil Margin 

Broadly similar patterns of millennial-scale changes in ventilation are seen on both the 

Iberian and Brazil margins over the last deglaciation (Figures 2 to 4), resembling in very 

general terms the deglacial pattern of Atlantic Meridional Overturning Circulation (AMOC) 

changes reconstructed in the western deep Atlantic (McManus et al., 2004) (Figure 5).  As 

shown previously for these sites (Freeman et al., 2016b), radiocarbon ventilation ages were 

significantly higher than modern at the LGM at all sites deeper than 1,000m, though hardly 

changed at shallower depths.  An increase in radiocarbon ventilation ages is observed at all 

sites during North Atlantic stadials, HS1 and the YD, though the timing and magnitude of the 

increases varies from site to site.  Notably, locations near ~2,000m water depth show the 

largest changes across these millennial events, particularly on the Brazil Margin.  In 

opposition to the anomalies seen during HS1 and the YD, all sites >1000m water depth 

exhibit a strong pulse of ventilation (i.e. reduced radiocarbon ventilation ages) during the B/A 

interstadial.  
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3.2 Deglacial stable carbon isotopes 

At the Last Glacial Maximum (LGM), Iberian Margin δ13C values at 2.1km were lower than 

modern but significantly higher (by ~0.6‰) than those of the deep waters below (3.1-4.7km) 

(Figure 3). A strong vertical gradient in δ13C is therefore apparent on the Iberian Margin at 

the LGM, particularly between 2.1 and 3.1 km water depth (Freeman et al., 2016b).  At the 

start of the deglaciation (~17.5kyrs BP) δ13C values at 2.1km rapidly decreased and 

converged with the deep δ13C values, which changed little and remained low. All four Iberian 

Margin sites then show a very similar trend over the deglaciation (~17.5-11kyrs BP) (Figure 

3). The lowest δ13C values occur during HS1 in all four cores, which also exhibit a marked 

and abrupt shift to high δ13C values during the B/A. A return to lower δ13C values is again 

apparent during the YD at all sites, though this reversal appears to be weaker, and is less 

well-resolved, in the deeper cores (due to lower sedimentation rates and lower abundances of 

epibenthic foraminifera).  

 

At the LGM, the shallowest site for which we have data on the Brazil Margin (1 km) exhibits 

relatively high δ13C values (>0.8‰) compared to the deepest site (3.5 km), which had an 

average value of 0.1‰ (Figure 4). A strong vertical gradient in δ13C is therefore apparent on 

the Brazil Margin at the LGM, as observed on the Iberian Margin, and as has been noted 

previously in the Atlantic (Curry and Oppo, 2005; Oppo and Lehman, 1993).  During HS1, 

this gradient is eliminated below ~2,300m, again as seen on the Iberian Margin. Mid-depth 

(2.3 km) δ13C values thus converged with those of deeper waters during HS1 (consistent with 

previous evidence for a strong negative excursion at mid-depths on the Brazil Margin (Tessin 

and Lund, 2013)), whereas those at shallow-intermediate depths (1000m) remained slightly 

higher. During the B/A, δ13C values rapidly returned to high, near-modern values between 1-
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2.3km, whereas only a small increase occurred at 3.5km. An abrupt shift to higher δ13C 

values is not seen at 3.5km on the Brazil Margin until the start of the YD, when a shift back 

to lower values occurs at 1km and at 2.3km. All three cores from the Brazil Margin 

ultimately converge again at near-modern values at the transition from the YD to the 

Holocene.  

 

4 Discussion 

4.1 East-west divide in AMOC control of Atlantic radiocarbon ventilation 

The general pattern of radiocarbon ventilation that is observed on both the Iberian and Brazil 

Margins is consistent with that suggested by individual coral and foraminifer dates compiled 

from other locations in northern and equatorial Atlantic (Chen et al., 2015; Robinson et al., 

2005) (as well as that previously reported in core MD99-2334K (Skinner and Shackleton, 

2004; Skinner et al., 2014)). This general pattern is characterised by negative ventilation 

anomalies during HS1/YD, and a strong positive ventilation anomaly during the B-A. It 

broadly resembles the pattern exhibited by changes in AMOC transport reconstructed in the 

deep western Atlantic (McManus et al., 2004) (Figure 5), consistent with the interpretation 

of a dominant influence of AMOC anomalies on deglacial Atlantic radiocarbon ventilation 

change (Keigwin and Schlegel, 2002; Robinson et al., 2005; Skinner and Shackleton, 2004; 

Skinner et al., 2014; Thornalley et al., 2011). However, differences between the radiocarbon 

and Pa/Th signals, as well as spatial heterogeneities in the radiocarbon signals, serve to 

illustrate more precisely the nature of this AMOC influence.  Three key observations emerge. 

The first is that whereas Pa/Th-based AMOC transport reconstructions from the west Atlantic 

show a distinct but relatively small difference in circulation strength during the LGM as 

compared to the B-A and the late Holocene (with two strong negative anomalies occurring 

during HS1 and the YD) (Ng et al., 2018), a similar pattern in B-Atm ventilation ages is only 
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exhibited on the Brazil Margin ~2.5km water depth (see Figure 5e).  While our radiocarbon 

ventilation record from a similar depth (~2.1km) on the Iberian Margin is not well resolved 

enough to constrain a sharp decline in ventilation at the onset of HS1, benthic δ13C 

measurements suggest that this location also experienced a strong hydrographic change at 

this time, as on the Brazil Margin and unlike deeper sites throughout the Atlantic (Figures 3-

5). The mid-depth Atlantic, ~2km, would therefore appear to have experienced the strongest 

changes in water-mass sourcing and/or transport across the last deglaciation, most likely due 

to the changing influence of abyssal- versus intermediate water masses, but perhaps also with 

an influence from enhanced accumulation of respired organic carbon due to slower transport 

times (Lacerra et al., 2017; Schmittner and Lund, 2015).  

 

A second key observation is that radiocarbon ventilation records from the shallow 

intermediate- (~1km) and deepest (>3km) western Atlantic (i.e. above and below ~2km) 

show relatively muted radiocarbon ventilation changes, which hardly differ from those 

inferred for the high-latitude North Atlantic surface ocean (Skinner et al., 2019) (Figure 5c). 

This implies that radiocarbon ventilation records from the western/shallow Atlantic do not 

primarily reflect transport changes between the LGM and the late Holocene (which may have 

been too subtle to impact significantly on radiocarbon ventilation ages), except near ~2km 

water depth perhaps.  Arguments for an active overturning cell in the Atlantic during the 

LGM and HS1 have previously been made on the basis of Pa/Th evidence (Böhm et al., 

2014; Bradtmiller et al., 2014; Lippold et al., 2012).  This situation contrasts with the Iberian 

Margin, in the eastern North Atlantic, where radiocarbon ventilation ages show larger 

amplitude changes across the deglaciation, especially >3km water depth (Figure 5d).  This 

could reflect a more significant influence on radiocarbon ventilation due to the incursion of 

southern-sourced Lower Deep Water (LDW) (van Aken, 2000) in the eastern Atlantic, both at 
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the LGM (Curry and Lohmann, 1983), and during HS1 (Skinner and Shackleton, 2004; 

Skinner et al., 2003). This hydrographic geometry, characterised by something of an east-

west divide, may have been aided by the continued export of a well-ventilated Northern 

sourced deep-water mass at the LGM (Keigwin and Swift, 2017; Pöppelmeier et al., 2018), 

which was blocked from entering the eastern basin by the mid-Atlantic Ridge (Curry and 

Lohmann, 1983). Here, we emphasize the important influence on radiocarbon ventilation 

ages throughout the Atlantic due to changing ‘preformed’ radiocarbon signatures, occurring 

in both the northern- and southern high latitudes (Skinner et al., 2019), as well as the 

additional influence of changing water-mass distribution, which appear to have affected the 

deep eastern Atlantic more significantly.  

 

Similar considerations are relevant to benthic δ13C changes. For example, during the YD, 

δ13C values decreased at all but the deepest site (3.5km) on the Brazil Margin (Figure 4). 

Instead, at the deepest site on the Brazil Margin, δ13C increased by up to 0.5‰. This increase 

is unexpected given the parallel increase in radiocarbon ventilation ages.  This may reflect an 

increasing end-member δ13C for AABW over the deglaciation as suggested by deep South 

Atlantic records (e.g. Jonkers et al., 2015; Lund et al., 2015; Thiagarajan et al., 2014), 

potentially as a result of increased air-sea gas exchange (Lynch-Steiglitz et al., 1995). Lower 

δ13C values at the other sites, in contrast, may reflect a decrease in the end-member δ13C 

value of NADW or may indicate non-conservative behaviour of δ13C (i.e. respired carbon 

addition). During abrupt climate events, end-member values are hard to identify, adding 

complexity to the interpretation of hydrographic changes that may not simply represent the 

varying relative influences of NADW versus AABW in the deep ocean. 
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A third important observation is that the general pattern of radiocarbon ventilation exhibited 

across the North Atlantic water column differs from that seen in the deep sub-Antarctic 

Atlantic (Skinner et al., 2010), the intermediate-depth Southern Ocean (Burke and Robinson, 

2012; Hines et al., 2015), and the deep Pacific (de la Fuente et al., 2015; Skinner et al., 2015) 

(Figure 5).  In contrast to the North Atlantic, these Southern Ocean/Pacific locations tend to 

show an increase in ventilation from the onset of HS1, and perhaps also (albeit less clearly) 

during the YD. This has been suggested previously to reflect a ‘bipolar seesaw’ in deep 

convection operating between the North Atlantic and the Southern Ocean (Skinner et al., 

2014), essentially as proposed by (Broecker, 1998), and consistent with upwelling-driven 

export productivity pulses observed in the Southern Ocean (Anderson et al., 2009).   

 

Our analysis supports the contention that this ‘ventilation seesaw’ was primarily influenced 

by surface ocean processes controlling air-sea exchange (Skinner et al., 2019) (e.g. of carbon 

and heat), augmented by water-mass volume changes that would have modulated the leverage 

of Southern Ocean gas-exchange on global ‘disequilibrium carbon’ storage (Eggleston and 

Galbraith, 2018; Galbraith and Skinner, 2020; Ito and Follows, 2013; Skinner, 2009).  This is 

not to say that changes in mass transport did not occur across the last deglaciation (these are 

well attested to by Pa/Th measurements (McManus et al., 2004; Ng et al., 2018)), but rather 

that mass transport changes were potentially not the only (or even the primary) influence on 

the ventilation state of the ocean interior’s carbon pool and the re-partitioning of carbon 

between the ocean and the atmosphere across the last deglaciation (Hain et al., 2014; 

Khatiwala et al., 2019).   

 

4.2 Insights from vertical and lateral carbon isotope gradients 
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The evolving vertical gradients of radiocarbon ventilation and δ13C on the Iberian and Brazil 

Margins provide further insights into the nature of ocean circulation and ventilation changes 

experienced in the Atlantic across the last deglaciation. Looking first at radiocarbon 

ventilation gradients across the Atlantic basin, between the Iberian- or Brazil Margins and the 

Southern Ocean, we find that a positive radiocarbon ventilation gradient (older in the south 

and younger in the north, as in the modern ocean) is clearly expressed during the LGM and 

the BA (Figure 6, grey shading).  One interpretation of this situation is that it indicates active 

export of deep-water from the North Atlantic during both the LGM and the BA, without 

which the gradient would be eliminated or reversed.  A collapsed (possibly even reversed) 

gradient is indeed observed right across the water column during HS1 (Figure 6), consistent 

with a quasi-elimination of NADW export at this time.  A lesser collapse of the meridional 

ventilation gradient is also observed during the YD (most clearly affecting depths >2,500m), 

again consistent with a reduction of NADW export at this time (e.g. Came et al., 2003; 

Keigwin and Lehmann, 1994; McManus et al., 2004).  The meridional gradients in 

radiocarbon ventilation are therefore consistent with western Atlantic Pa/Th records of 

AMOC variability (Ng et al., 2018), most notably in suggesting active NADW export at the 

LGM despite significantly reduced radiocarbon ventilation throughout the deep Atlantic at 

this time (Freeman et al., 2016b; Skinner et al., 2017).  Although the interpretation of 

severely restricted NADW export during HS1 might be challenged on the basis that northern- 

and southern end-member radiocarbon signatures may have become very similar (without a 

change in the export of a northern component), current reconstructions of surface ‘reservoir 

ages’ in the high-latitude North Atlantic (Figure 3b) apparently remained lower than 

radiocarbon age offsets in both the contemporary Southern Ocean surface (Skinner et al., 

2019), and the deep Iberian Margin (Figure 3c), suggesting reduced export of NADW to the 
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Iberian Margin, and possibly even a dominant source of ventilation from the Southern Ocean 

at this time (Menviel et al., 2018; Skinner et al., 2014). 

 

Turning to paired δ13C and radiocarbon profiles on the Brazil- and Iberian Margins (see 

Figure 7), we find two main differences between the vertical radiocarbon- and δ13C gradients 

that help to shed light on the apparent decoupling of water-mass extent from water-mass 

ventilation states.  The first difference (noted above) is that while radiocarbon and δ13C both 

show a stepped weakening of vertical gradients between the LGM and the Holocene, the 

vertical gradient in δ13C at the LGM was especially strong; far stronger than might be 

expected from the vertical radiocarbon gradient.  This could imply that water bathing the 

deepest abyssal sites (most likely of southern origin, but possibly also with a northern 

contribution (Keigwin and Swift, 2017)), had a particularly high respired carbon content, 

and/or a particularly high (and positive) ‘biological disequilibrium carbon’ content 

(Khatiwala et al., 2019). This situation would have contributed to atmospheric CO2 draw-

down at the LGM. Alternatively, and perhaps not exclusively, water bathing mid-depth sites 

(~2km, and most likely of a predominantly northern origin) may have had a particularly low 

respired carbon content, and/or a particularly low (and negative) ‘physical disequilibrium 

carbon’ content (Khatiwala et al., 2019).  This situation would not, on its own, have 

contributed to atmospheric CO2 draw-down at the LGM, since it would reflect an even 

stronger deficit of carbon uptake in the North Atlantic than exists today. The latter 

interpretation would be more consistent with the observation that it is the δ13C at ~2km water 

depth that seems anomalously positive at the LGM (Curry and Oppo, 2005), particularly for 

the radiocarbon ventilation at this water depth (Figure 7). The suggestion that glacial North 

Atlantic intermediate water (GNAIW) was less equilibrated with the atmosphere at the LGM, 

without acquiring a commensurate respired nutrient load, would appear to run contrary to the 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved.  

 

 

 

 

 

 

 

recent proposal that the carbon sequestration efficiency of GNAIW was enhanced at the 

LGM relative to that of NADW today (Yu et al., 2019). The latter proposal also sits uneasily 

with the observation of significantly larger radiocarbon reservoir age offsets in the high 

latitude North Atlantic at the LGM (e.g. Skinner et al., 2019; Thornalley et al., 2011), which 

indicate reduced air-sea CO2 exchange efficiency as compared with today (in a region where 

CO2 is generally taken up by the ocean (Takahashi et al., 2002)). A speculative reconciliation 

of these observations could be that CO2 uptake in the North Atlantic was increased relative to 

today in absolute terms (due simply to enhanced solubility at lower temperature), even as the 

efficiency of CO2 uptake was diminished (e.g. by sea ice, or shallow stratification). In this 

way, less CO2 uptake would be achieved than would have been possible for constant air-sea 

exchange efficiency at LGM temperatures. This interpretation would resonate with a recent 

numerical model decomposition (Khatiwala et al., 2019), in which sea-ice and temperature 

contributions to marine CO2 uptake act in opposition under LGM conditions. Although a 

quantitative reconciliation of the available radiocarbon, nutrient-, and carbonate ion 

reconstructions for the LGM North Atlantic remains to be achieved, the above discussion 

serves to emphasise that marine carbon uptake at the LGM most likely represented a non-

linear combination of partially opposing, and spatially variable, contributing factors.   

 

The second main discrepancy between the radiocarbon- and δ13C gradients shown in Figure 

7 is that while the radiocarbon profiles on both the Iberian- and Brazil margins have reached 

a near-modern state by the B-A (with a subsequent small reversal at the YD), the δ13C 

profiles remain offset from modern values by a significant amount (~ -0.25 to -0.5 permil; see 

Figure 6).  In part, this likely reflects the contribution of slow components of δ13C change 

that were not directly linked to deglacial ocean circulation changes, e.g. terrestrial biosphere 

expansion in particular (Yu et al., 2010), which would have caused marine δ13C to rise 
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between the BA and the late Holocene (Menviel and Joos, 2012).  However, it is also notable 

that the range of δ13C values expressed in the Atlantic water column, on the Brazil- and 

Iberian Margins, is not matched by a commensurate range in radiocarbon ventilation states.  

Low δ13C values are also reported from the abyssal North Atlantic (>4.5km) and in the deep 

South Atlantic (>3km) during the BA ((Thiagarajan et al., 2014); and references within), 

despite radiocarbon ventilation ages suggesting an Atlantic Ocean dominated by well 

ventilated waters akin to NADW today.   

 

The BA therefore appears to have represented a time of widespread air-sea equilibration 

and/or ‘flushing’ of the Atlantic interior, where a range of different water masses of northern- 

and southern origin (with different δ13C signatures) continued to circulate in the Atlantic 

interior, albeit with particularly well-ventilated radiocarbon signatures.  Once again, we note 

that these radiocarbon ventilation trends are not equivalent to mass transport trends indicated 

by Pa/Th. The end-member ventilation pulse during the BA is illustrated in Figure 8, where a 

broadly linear trend between δ13C and radiocarbon ventilation (expressed as an isotopic ratio, 

or ‘relative enrichment’ of the ocean versus the contemporary atmosphere (Soulet et al., 

2016)) is observed across the Atlantic, and into the deep Eastern Equatorial Pacific (EEP), for 

the LGM (Freeman et al., 2016b), and all other time-slices since then, but not for the BA.  

The suggestion in Figure 8 is that the BA was a time of particularly strong ventilation (i.e. 

transport and/or air-sea equilibration) for all water masses filling the Atlantic basin.  This 

would be consistent with the notion of an extreme deepening of the AMOC into the Southern 

Ocean during the BA (Barker et al., 2010), as well as the shift in the radiocarbon ventilation 

state of both northern- and southern Atlantic deep-water end-members inferred from paired 

radiocarbon and Nd isotopes (Skinner et al., 2013).  An Atlantic circulation that was similar, 
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but not identical, to the modern therefore appears to have been established at the BA, 

contributing to a particularly well-ventilated Atlantic at this time.   

 

4.3 Carbon cycle implications: ventilation seesaws and unresolved puzzles 

Our data serve to illustrate a succession of markedly different ocean circulation states in the 

Atlantic across the last deglaciation, specifically in terms of the evolving radiocarbon activity 

(and therefore the equilibration state of DIC in the ocean interior, relative to the atmosphere).  

Our LGM results echo previous findings, indicating reduced radiocarbon ventilation 

throughout the Atlantic (Skinner et al., 2017), an expanded volume of southern-sourced deep 

water, and consequently a strengthened vertical gradient in radiocarbon ventilation (Freeman 

et al., 2016b), and especially in the δ13C of DIC in the Atlantic (Curry et al., 1988).  Our 

results also confirm the active export of northern sourced deep water at the LGM (Lippold et 

al., 2012; McManus et al., 2004; Ng et al., 2018), while emphasizing that this deep water was 

perhaps as poorly equilibrated with the atmosphere as modern southern sourced deep water, 

which in turn was in even greater disequilibrium (Skinner et al., 2019). While it seems clear 

that carbon isotope data from the Atlantic are consistent with an enhanced respired- and/or 

disequilibrium carbon inventory at the LGM (Khatiwala et al., 2019; Menviel et al., 2017; 

Muglia et al., 2018), there is no clear consensus on the relative dominance of the respired- 

versus disequilibrium- contributions. The relative contributions of slower turn-over rates (and 

organic carbon respiration rates) in the ocean interior, versus restricted air-sea gas exchange 

in regions where water retains a high positive (biological) disequilibrium DIC component, 

remain uncertain.  Our data do not resolve this question, but they do emphasize a definite role 

for disequilibrium effects, and further help to illustrate why an expansion of southern-sourced 

deep water in the global ocean would have contributed to lower atmospheric CO2 (Skinner, 

2009), contrary to alternative proposals (Hain et al., 2011; Sigman et al., 2010). The reason 
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for this is that southern sourced deep water, especially at the LGM (Sikes et al., 2016; Sikes 

et al., 2000; Skinner et al., 2015; Skinner et al., 2010; Skinner et al., 2019; Skinner et al., 

2017), is characterised by poor equilibration with the atmosphere, and therefore a relatively 

high positive (biological) disequilibrium DIC concentration (Eggleston and Galbraith, 2018; 

Ito and Follows, 2013). The dominance of the deep ocean by a water mass with high positive 

disequilibrium DIC, at the expense of one with low (or negative) disequilibrium DIC, will 

tend to enhance the ocean’s inventory of carbon that is sequestered from the atmosphere 

(Eggleston and Galbraith, 2018; Galbraith and Skinner, 2020; Khatiwala et al., 2019).  

Therefore, the fact that southern sourced deep water has a high concentration of ‘preformed 

nutrients’ (i.e. respired nutrients that were advected to the surface ocean, and then advected 

back into the ocean interior without being fixed into organic matter) does not mean that a 

dominance of southern sourced water will diminish the efficiency of the biological pump, as 

long as those nutrients are associated with disequilibrium DIC (Eggleston and Galbraith, 

2018; Galbraith and Skinner, 2020; Khatiwala et al., 2019).  Here we underline the 

radiocarbon depletion of the ocean interior at the LGM relative to the atmosphere (along with 

that of high latitude surface waters (Skinner et al., 2019)), as an indication that disequilibrium 

DIC levels were likely even more negative in northern sourced waters (mainly due to a 

‘physical’, or solubility related, deficit), and more positive in southern deep waters (mainly 

due to a ‘biological’, respired carbon, excess). These changes would have had opposing 

impacts on atmospheric atmospheric CO2 (Khatiwala et al., 2019), with the net effect on 

atmospheric CO2 being controlled by the volume of the ocean that was influenced by 

southern sourced deep water (Eggleston and Galbraith, 2018; Galbraith and Skinner, 2020; 

Ito and Follows, 2013; Skinner, 2009).  A change to the Atlantic chemistry alone (without 

significant ‘downstream’ effects on the rest of the ocean) might be expected to have a minor 

impact on atmospheric CO2 (Hain et al., 2014), due to the limited size of the Atlantic basin 
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(~25% of the ocean volume (Menard and Smith, 1966)), and the limited volumetric 

significance of NADW (~21 % of the ocean volume (Johnson, 2008)).  

 

The latter point may explain why the apparent quasi-elimination of radiocarbon delivery to 

the deep Atlantic via northern sourced deep-water during HS1 (which particularly affected 

water depths between ~1km and ~3km in the Atlantic) was not associated with a further drop 

in atmospheric CO2.  On the contrary, atmospheric CO2 increased across HS1 (whilst ∆14Catm 

and δ13CO2-atm decreased) (Bauska et al., 2016; Marcott et al., 2014; Monnin et al., 2001), 

most likely due to the limited impacts of carbon storage in a volumetrically restricted Atlantic 

basin (Hain et al., 2014), combined with the active release of radiocarbon-depleted CO2 from 

other regions of the ocean, such as the Southern Ocean (Anderson et al., 2009; Burke and 

Robinson, 2012; Hines et al., 2015; Martinez-Boti et al., 2015; Skinner et al., 2010; Skinner 

et al., 2013; Skinner et al., 2014), or the Pacific Ocean (de la Fuente et al., 2015; Martinez-

Boti et al., 2015; Rae et al., 2014).  Notably, this does not preclude an important (or even a 

necessary) causal association between intermediate/mid-depth Atlantic circulation changes 

that may have contributed to enhanced (if limited) carbon storage (Lacerra et al., 2017; 

Schmittner and Lund, 2015), and other circulation/sea-ice changes that contributed directly to 

carbon release elsewhere in the global ocean, for example via 'ventilation seesaws' between 

the North Atlantic and North Pacific (Chikamoto et al., 2012; Freeman et al., 2015; Menviel 

et al., 2014; Okazaki et al., 2010) or between the North Atlantic and Southern Ocean 

(Anderson et al., 2009; Broecker, 1998; Menviel et al., 2015; Menviel et al., 2018; Skinner et 

al., 2014). The main impact of deglacial AMOC changes on atmospheric CO2 may have 

therefore been via teleconnections to other regions of the world, and indirect effects on 

ocean-atmosphere exchanges in these regions. 
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A similar argument might be made for the BA, which was characterised by extremely well-

ventilated conditions in the Atlantic, at least commensurate with modern, yet stable or 

slightly declining atmospheric CO2, and relatively stable δ13CO2-atm (Bauska et al., 2016; 

Monnin et al., 2001). However, two things frustrate this argument, leading to an apparent 

puzzle regarding deglacial atmospheric CO2 rise. The first difficulty is that, while the 

transition from the LGM to HS1 witnessed a relatively small change in the ventilation state 

that affected only a portion of the Atlantic interior (primarily between 1 and 3km water 

depth), the transition from HS1 to the BA witnessed a very large change that appears to have 

affected the entire water column. A small direct effect on atmospheric CO2 due to AMOC 

change in HS1 might be feasible, but the same would be harder to defend for the very large 

ventilation change experienced at the BA.  The second difficulty is that, despite the apparent 

operation of a ‘bi-polar ventilation seesaw’, characterised by alternating pulses of convection 

in the North Atlantic and Southern Ocean across Dansgaard-Oeschger (stadial-interstadial) 

variability (Broecker, 1998; Gottschalk et al., 2016; Jaccard et al., 2016; Menviel et al., 2015; 

Menviel et al., 2018; Skinner et al., 2014), the BA nevertheless seems to have been a period 

of increased ocean-atmosphere equilibration, relative to the LGM and HS1, for both 

northern- and southern sourced deep-water (Skinner et al., 2013). This is further emphasised 

by the evidence for greater ocean-atmosphere equilibration in the deep southern, northern- 

and equatorial Pacific during the BA, as compared to HS1 and/or the LGM (de la Fuente et 

al., 2015; Galbraith et al., 2007; Lindsay et al., 2016; Sikes et al., 2016; Skinner et al., 2015).  

A very large volume of the ocean was therefore better equilibrated with the atmosphere 

during the BA, as compared to the LGM or HS1.  It seems plausible that most, if not all, of 

this volume of ocean would have possessed a pCO2 higher than that of the atmosphere, prior 

to equilibration at the ocean surface, as indeed is suggested by surface ocean pH 

reconstructions from potential regions of deep convection, such as the Southern Ocean and 
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North Pacific (Gray et al., 2018; Martinez-Boti et al., 2015). These reconstructions indicate 

elevated pCO2 (relative to the atmosphere; hence active CO2 release) during the BA (Gray et 

al., 2018; Martinez-Boti et al., 2015), which presents a puzzle: why did atmospheric CO2 not 

rise (and δ13CO2-atm not decline) across the BA?   

 

One approach to resolving this puzzle might be to note that atmospheric CO2 would normally 

be expected to drop during a North Atlantic interstadial (Ahn and Brook, 2008; Bereiter et 

al., 2012; Wolff et al., 2009). There are a range of candidate contributors to the ‘natural’ 

declining trend, including a cooling Southern Ocean (Marchal et al., 1998), an expanding 

terrestrial biosphere (Menviel et al., 2008), and/or renewed iron fertilization of Southern 

Ocean export productivity (Martinez-Garcia et al., 2014).  Nevertheless, it is notable that the 

fate of atmospheric CO2 during interstadials has received less direct attention than that of 

CO2 during stadials (Gottschalk et al., 2019), making it hard to speculate on what occurred at 

these times with any degree of confidence.  The efflux of carbon from the ocean to the 

atmosphere during the BA (expected on the basis of the radiocarbon and surface ocean pH 

evidence noted above), might therefore explain why CO2 did not in fact drop, as has been 

suggested previously (Skinner et al., 2013).  All of this would support the proposal that the 

BA was a ‘point of no return’ in the deglacial process, precisely because of anomalously 

stable atmospheric CO2 (Wolff et al., 2009).   

 

Even if it can be shown that the especially strong ventilation of the Atlantic interior did help 

to keep atmospheric CO2 relatively high across the BA (against other, as yet vaguely defined, 

processes), it would remain puzzling if the very large and abrupt ‘flushing’ of the Atlantic 

that occurred at the onset of the BA did not push up atmospheric CO2 at all.  Indeed, it seems 

plausible that this major ventilation change likely contributed to the centennial atmospheric 
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CO2 ‘jump’ recorded at ~14.8 ka BP (Marcott et al., 2014). A similar case could be made for 

a second ventilation increase that appears to have accompanied the end of the YD. In this 

respect, our results confirming an increase in ventilation throughout the Atlantic interior at 

the onset of the BA (and rather less clearly at the end of the YD), would bolster the proposals 

of (Chen et al., 2015) and (Gray et al., 2018), for a direct AMOC role in centennial CO2 

jumps at these times. Nevertheless, available δ13CO2-atm evidence does not support an 

overwhelming oceanic source of carbon to the atmosphere at the onset of the BA (Bauska et 

al., 2016), and it is intriguing that atmospheric CO2 jumped up by the same amount (~12-

13ppm) at both of these transitions (Marcott et al., 2014), whereas the increase in ventilation 

experienced in the Atlantic interior was clearly far greater at the onset of the BA than at the 

end of the YD. Furthermore, it remains unclear that any significant change in Atlantic 

ventilation (see Figure 5; also (Chen et al., 2015)), or distal upwelling (e.g. Rae et al., 2018), 

occurred in time with the third centennial CO2 jump that is recorded at ~16.3 ka BP, during 

HS1 (Marcott et al., 2014). On the Iberian Margin, we find small increases in δ13C (0.2-

0.3‰) in 2 out of 4 records in the vicinity of 16.3kyrs BP, when pCO2 rises rapidly, however 

these are not well constrained, and a subtle increase in radiocarbon ventilation age is only 

observed at ~2.1 km water depth at this time. On the Brazil Margin, at 2.4 km depth, 

ventilation ages do decrease in the middle of HS1 (~15.8kyrs) and δ13C values are slightly 

higher, suggesting a short ventilation pulse may have influenced this site in the middle of 

HS1, though again this remains equivocal. Therefore, despite some tantalizing clues, higher 

resolution data are still needed to confirm whether or not rapid transient ventilation changes 

occurred ~16.3 ka. This arguably represents a key test of the proposition that past centennial 

scale changes in atmospheric CO2 were consistently linked to Atlantic ventilation changes 

(Chen et al., 2015), as opposed to terrestrial carbon release for example (Köhler et al., 2014), 

or indeed a mixture of drivers (Bauska et al., 2016).  
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5 Conclusions 

Over the last deglaciation the Atlantic Ocean circulation changed in association with abrupt 

climate events and changes in the atmospheric CO2 level. These changes were associated with 

large shifts in the Atlantic Ocean's radiocarbon inventory, which at times led to very large 

offsets between oceanic and the atmospheric radiocarbon ages. Our reconstructions suggest 

that southern sourced deep water filled a greater volume of the Atlantic at the LGM, albeit 

with lesser impacts in the western basin, while NADW shoaled but remained active.  During 

HS1, NADW was further reduced and shoaled relative to the LGM, but continued to 

influence the upper Atlantic Ocean. At the onset of the BA, the AMOC resumed and NADW 

expanded throughout the Atlantic interior, causing the entire basin to rapidly become at least 

as well ventilated as the modern Atlantic. However, parallel δ13C measurements (as well as 

Nd isotopes (Skinner et al., 2013) and sedimentary Pa/Th (Gherardi et al., 2009)), suggest 

that the Atlantic circulation was nevertheless distinct from modern during the BA, with a 

greater influence of relatively well-ventilated southern sourced water. A short return to more 

poorly ventilated waters occurred during the YD, before the modern distribution of 

radiocarbon was obtained in the early Holocene.   

 

These inferences broadly cohere with a familiar story of changing AMOC across the 

deglaciation, e.g. as represented in its most general aspects by available Pa/Th 

reconstructions from the deep western Atlantic (McManus et al., 2004; Ng et al., 2018).  

However, some details merit special emphasis: firstly, the observational support for active 

northern sourced deep-water export at the LGM; secondly a divide between the western- and 

eastern Atlantic, with the former affected less significantly by changes in the representation 

of northern- and southern water masses, despite both being strongly affected by changes in 
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the air-sea equilibration of both northern- and southern deep water end-members; and finally, 

the occurrence of ventilation at least as strong as modern, resulting in a ‘flushing’ of the 

entire Atlantic water column during the BA, both due to a reinvigoration of the AMOC 

(likely affecting depths <3 km primarily (Gherardi et al., 2009)), and due to an apparent 

increase in the air-sea equilibration of southern sourced deep water relative to the LGM and 

HS1.   

 

Our findings bear on the mechanisms responsible for deglacial atmospheric CO2 rise, which 

we suggest may be explained by a combination of: gradual carbon release during periods of 

reduced AMOC (i.e. HS1 and the YD), due to enhanced ventilation via the North Pacific and 

Southern Ocean at these times; and abrupt (albeit limited) carbon release as the AMOC 

resumed and flushed out the respired carbon inventory of the deep Atlantic (i.e. at the ends of 

HS1 and the YD). The relatively slow, millennial, release of carbon from outside the Atlantic 

Ocean during HS1 and the YD might therefore be related to the larger volume and longer 

response time of the deep Southern Ocean and Indo-Pacific carbon pools, whereas the more 

abrupt and transient centennial carbon release from the Atlantic Ocean would reflect the 

smaller respired carbon inventory and rapid response time of this basin (Hain et al., 2014). 

However, the rapid increase in atmospheric CO2 in the middle of HS1, around 16.3kyrs BP, 

only tentatively fits into this framework, as we find (at best) ambiguous evidence for any 

change in the Atlantic Ocean ventilation/circulation at this time, consistent with previous 

work (Chen et al., 2015; Rae et al., 2018). Whilst it is possible that the cause of the 

atmospheric CO2 increase at 16.3kyrs BP was distinct from those at 14.8 and 11.7kyrs BP, 

tentative anomalies in our data from the Iberian and Brazil Margins, as well as some 

radiocarbon evidence from the high latitude North Atlantic (Thornalley et al., 2011; 

Thornalley et al., 2015), suggest that the occurrence of centennial-scale variability in Atlantic 
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radiocarbon ventilation across HS1 should not be ruled out just yet.  A larger number of 

higher resolution ventilation records of HS1 will be needed to resolve this puzzle. A further 

puzzle emerges concerning the relative stability of atmospheric CO2 across the B-A, despite 

clear evidence for strong ventilation of the ocean interior, at least commensurate with the 

modern ocean, throughout the Atlantic, and likely much of the rest of the global ocean. We 

suggest that a solution to this puzzle might derive from a better understanding of the 

processes that act to draw down atmospheric CO2 during ‘normal’ interstadial conditions, 

outside of deglaciations. By counteracting these processes, an especially strong shift in ocean 

ventilation at the BA (Barker et al., 2010), could have stabilised atmospheric CO2 and thus 

brought about a critical turning point in the deglacial process (Wolff et al., 2009).  

Data availability 

Datasets for this research are included in this paper (and its supplementary information files), 
and are also available at: https://doi.pangaea.de/10.1594/PANGAEA.925638 
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Figure captions 

Figure 1. Map of core locations on modern background (GLODAP) Δ14C (Key et al., 2004). 

 

Figure 2. Deglacial deep-water radiocarbon ventilation (B-Atm) records from the Iberian- 

(upper plot) and Brazil (lower plot) Margins. Error bars correspond to estimates of the 1-

sigma uncertainties in B-Atm, derived using Radcal (Soulet, 2015). Note that the B-Atm 

uncertainties are not independent of calendar age uncertainties, which in turn tend to be 

correlated in depth, from sample to sample. 

 

Figure 3. Deglacial records from the Iberian Margin: a) Benthic-planktonic radiocarbon age 

offsets. b) Surface reservoir age estimates for the Iberian Margin sites (symbols as for plot a, 

with estimated 2 sigma uncertainties), including a best-fit cubic spline with 95% confidence 

intervals (black line and shaded area); the best-fit cubic spline for high latitude North Atlantic 

reservoir ages is shown by the dashed red line (Skinner et al., 2019). c) B-Atm ventilation 

ages on the Iberian Margin (symbols as for plot a). d) Benthic δ13C on the Iberian Margin 

(symbols as for plot a). e) Dust concentrations in the NGRIP ice-core, and planktonic d18O 

from core MD99-2334K, illustrating the chronostratigraphic context, as well as the difference 

between strict adherence to a stratigraphic age-model (see Figure S3), versus the calibrated 

radiocarbon age model that has been adopted.  Vertical shaded bars show the northern 

hemisphere stadials, HS1 and the YD; vertical lines indicate the boundaries of the LGM and 

the timing of the abrupt jump in CO2 observed in the WAIS Divide ice core at ~16.3 ka BP. 
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Figure 4. Deglacial records from the Brazil Margin: a) Benthic-planktonic radiocarbon age 

offsets. b) Surface reservoir age estimates for the Brazil Margin sites (symbols as for plot a, 

with estimated 2 sigma uncertainties, and light blue line), local modern reservoir ages 

augmented by the effects of atmospheric pCO2 changes (open circles), and modelled 

reservoir ages for this locality (black line; (Butzin et al., 2017)). c) B-Atm ventilation ages on 

the Brazil Margin (symbols as for plot a). d) Benthic δ13C on the Brazil Margin (symbols as 

for plot a). e) Dust concentrations in the NGRIP ice-core, and XRF Ca/Ti in core MD08-

3257, illustrating the chronostratigraphic context, as well as the difference between strict 

adherence to a stratigraphic age-model (see Figure S1), versus the calibrated radiocarbon age 

model that has been adopted.  Vertical shaded bars show the northern hemisphere stadials, 

HS1 and the YD; vertical lines indicate the boundaries of the LGM and the timing of the 

abrupt jump in CO2 observed in the WAIS Divide ice core at ~16.3 ka BP. 

 

Figure 5. Atlantic radiocarbon ventilation records in context: a) atmospheric CO2 

concentrations recorded in the WAIS Divide ice core (Marcott et al., 2014); b) 14C-ventilation 

records from the deep Southern Ocean and Pacific (blue filled squares and line, deep sub-

tropical Atlantic (Barker et al., 2010; Diz and Barker, 2015); light blue open squares and line, 

sub-Antarctic Atlantic (Skinner et al., 2010); grey open squares and line, EEP (de la Fuente et 

al., 2015); red stars, deep sub-Antarctic Pacific (Skinner et al., 2015)); c) 14C-ventilation 

records from the western Atlantic basin (black stars and line, this study; blue open squares 

and line, this study and (Freeman et al., 2015); olive open circles, (Chen et al., 2015); grey 

crossed squares and line, compiled data from the NW Atlantic (Keigwin and Schlegel, 2002; 

Robinson et al., 2005)), compared with compiled surface reservoir ages from the high latitude 

Northeast Atlantic (light blue shaded area and line, (Skinner et al., 2019)); d) 14C-ventilation 
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records from the Iberian Margin (symbols as for Figure 2; this study); e) AMOC variability 

reconstructed from Pa/Th ratios (black squares and line; (McManus et al., 2004)), compared 

with 14C-ventilation records from the Brazil Margin at 2.4 km water depth (red circles and 

line; this study). Vertical shaded bars show the northern hemisphere stadials, HS1 and the 

YD; vertical lines indicate the boundaries of the LGM and the timing of the abrupt jump in 

CO2 observed in the WAIS Divide ice core at ~16.3 ka BP. 

 

Figure 6. Depth profiles of ventilation age (B-Atm) for time-slices across the last 

deglaciation, from the Iberian Margin (filled symbols), Brazil Margin (crossed symbols), and 

Southern Ocean (open symbols; (Zhao et al., 2018)). The offset between the Iberian Margin 

(North Atlantic) and Southern Ocean is shaded (grey/orange indicates higher/lower B-Atm in 

the Southern Ocean), in order to illustrate periods where the radiocarbon ventilation gradient 

across the Atlantic collapsed or reversed, suggesting diminished supply of NADW to the 

Atlantic interior (i.e. during HS1, and to a lesser extent the YD). Despite overall reduced 

radiocarbon ventilation throughout the deep Atlantic, the ventilation gradient across the 

Atlantic at the LGM suggests active NADW export. 

 

Figure 7. Depth profiles of ventilation age (B-Atm) (left) and δ13C (right) on the Brazil 

Margin (upper) and Iberian Margin (lower). Surface reservoir-ages for each time-slice 

(consistent with the age-models for each sediment core) are used to provide values at an 

arbitrary depth of 250m in each transect. The modern ventilation age is shown for each site 

(grey dashed lines with open circles; GLODAP, (Key et al., 2004). Modern water column 

profiles of δ13C measured on DIC are also shown for each margin (grey dashed lines with 

open circles; GEOSECS, (Key et al., 2004)).  
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Figure 8. Cross plot of radiocarbon ventilation (expressed as a ‘relative enrichment’ ratio, 

F14RB-Atm = exp(8033/B-Atm) versus epibenthic δ13C, for various time-slices across the last 

deglaciation. Each data point represents the time-slice average value in a given sediment 

core. Brazil Margin values are indicated by open symbols; Iberian Margin values are 

indicated by closed symbols. Different colours indicate the various time-slices: dark blue, 

LGM; light blue, HS1, orange, BA; grey, YD; red, Holocene (HOL). Also shown for 

comparison are Holocene and LGM values for the Eastern Equatorial Pacific (de la Fuente et 

al., 2015). Light orange circles indicate the average values for each time-slice, across both 

depth transects in the Atlantic; note how the BA appears to stand apart from the linear trend 

suggested by the Holocene, YD, HS1, and LGM (as well as the EEP values), with relatively 

high radiocarbon activity for its δ13C. 

 

Table 1. Core locations 

Core name Latitude Longitude Water 
Depth 

GS07-150-20/2GC-A 04°15.67’S  37°08.24’W 700 

GS07-150-17/1GC-A 04°12.98’S  37°04.52’W 1000 

MD09-3257 04°14.68’S  36°21.16’W  2344 

MD09-3256Q 03°32.81’S  35°23.11’W  3537 

JC89-SHAK10-10K 37°50.00’N  09°30.65’W  1127 

JC89-SHAK14-4G 37°50.16’N  09°43.61’W  2063 

JC89-SHAK06-4K 37°33.68’N  10°21.89’W  2642 
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MD99-2334K 37°48.07'N 10°10.28'W 3146 

JC89-SHAK03-6K 37°42.54’N  10°29.56’W  3735 

JC89-SHAK05-3K 37°36.26’N  10°41.50’W  4670 
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