
1.  Introduction
Atmospheric CO2 increased by about 90 ppm from the Last Glacial Maximum (LGM; 22 to 18 kyr) to the 
late Holocene (Marcott et al., 2014; Monnin et al., 2001; Petit et al., 1999). The ocean is thought to be a 
major source for the deglacial atmospheric CO2 rise due to its large carbon storage (Sigman & Boyle, 2000; 
Sigman et al., 2010, and references therein). The Southern Ocean possibly plays an important role in af-
fecting atmospheric CO2, because it is a region where CO2-rich deep waters outcrop and exchange carbon 
with the atmosphere, a process termed as ventilation (Sarmiento & Toggweiler, 1984). Existing data indeed 
show coupling of Southern Ocean upwelling and ventilation with atmospheric CO2 changes during the 
last deglaciation (Anderson et al., 2009; Burke & Robinson, 2011; Skinner et al., 2010; Yu et al., 2010). For 
example, atmospheric CO2 increased during Heinrich Stadial 1 (HS1; ∼18.0–14.6  kyr) and the Younger 
Dryas (YD; ∼12.8–11.7 kyr), synchronous with Southern Hemisphere warming (Monnin et al., 2001). Dur-
ing these time periods, upwelling in the Southern Ocean strengthened (Anderson et al., 2009), accompanied 
by sea-ice retreat (Lamping et al., 2020; EPICA Community Members, 2013). By contrast, there was a pause 
in atmospheric CO2 rise during the Antarctic Cold Reversal (ACR; ∼14.6–12.8 kyr) (Marcott et al., 2014), 
a period with widespread cooling at mid-high latitudes in the Southern Hemisphere (Pedro et al., 2015), 
reduced Southern Ocean upwelling (Anderson et al., 2009), and sea-ice expansion (Lamping et al., 2020; 
EPICA Community Members, 2013).

Pioneered by Broecker (Broecker et al., 1988), measurements of radiocarbon in marine carbonates provide 
critical information about deglacial ventilation changes in the Southern Ocean (Barker et al., 2010; Burke & 
Robinson, 2011; Ronge et al., 2020; Rose et al., 2010; Sikes et al., 2000, 2016; Skinner et al., 2010, 2015). Pub-
lished data indicate enhanced ventilation and probable release of old carbon at various water depths from 
the Southern Ocean (Burke & Robinson, 2011; Hines et al., 2015; Skinner et al., 2010). Moreover, seawater 
radiocarbon signals at different depths converged during the early deglaciation, implying a breakdown of 
the Southern Ocean stratification (Burke & Robinson, 2011; Hines et al., 2015; Ronge et al., 2016; Skin-
ner et al., 2010) and the release of carbon from the Southern Ocean to the atmosphere (Allen et al., 2015; 
Rae et al., 2018). However, the deep Southern Ocean ventilation changes are not well constrained during 
the late deglaciation. The exact temporal evolution history of deep-water radiocarbon in the Pacific Sector 
of the Southern Ocean remains largely unknown, due to the lack of high-resolution records (e.g., Sikes 
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et al., 2016; Skinner et al., 2015). A recent low-resolution record from the Indian Sector of the Southern 
Ocean shows old deep-water radiocarbon during the ACR and young deep-water radiocarbon during the YD 
(Ronge et al., 2020). These results differ from the deep South Atlantic reconstructions, which show small 
radiocarbon variability since the ACR (Skinner et al., 2010). Given the large volume and the substantial 
carbon stock of the Pacific Ocean, filling the gap of deep-water radiocarbon data in the Pacific Sector of the 
Southern Ocean is critical to improve our understanding about past carbon cycle changes.

Deep-water radiocarbon signatures can be reconstructed using various archives including foraminifera shells 
(see Broecker et al., 1988) and deep-sea corals (see Adkins & Boyle, 1997). Each archive has its pros and cons, 
and may record different aspects of seawater radiocarbon changes. While deep-sea corals allow absolute U-Th 
dating (Burke & Robinson, 2011; Chen et al., 2015; Hines et al., 2015), their temporal and spatial distribution is 
limited (Hines et al., 2015), and, as a result, continuous records are currently sparse. Conversely, foraminiferal 
radiocarbon records may suffer from age model uncertainties, although they can provide continuous down-
core records. For example, potential surface reservoir age fluctuation is a large source of uncertainty for deep 
water radiocarbon calculations, if the sediment core's age model relies on radiocarbon dating of planktic fo-
raminifera. Sediment core age models may be substantially improved using wood remains and tephra layers, 
but such records are geographically limited (Rafter et al., 2018; Siani et al., 2013; Sikes et al., 2000; Skinner 
et al., 2015; Zhao & Keigwin, 2018). Regardless of materials used, recent studies show that deep-water radi-
ocarbon reconstructions could be further complicated by possible release of 14C-depleted carbon from local 
geological settings (Lizarralde et al., 2010; Rafter et al., 2019; Ronge et al., 2016; Stott et al., 2019).

Here, we present a high-resolution record for deep-water radiocarbon signatures for the Southwest Pacific 
Ocean. Our new radiocarbon record lends support to the deglacial release of old carbon from the deep 
Southern Ocean during HS1 and the YD. More importantly, our data suggest that the ventilation of the 
deep Southwest Pacific was reduced during the ACR. Combined with published results, we argue that the 
deep Southern Ocean became more stratified during the ACR compared to the early last deglaciation. Our 
record demonstrates that deglacial atmospheric CO2 change was closely linked to the deep Southern Ocean 
ventilation.

2.  Material and Analytical Methods
2.1.  Modern Hydrography

The sediment core MD97-2106 (45.15°S, 146.28°E, 3,310 m) is located on the South Tasman Rise (Figure 1), 
which is not influenced by any known seafloor volcanism and subduction that are potentially linked to 
release of 14C-depleted carbon. The core is currently positioned near the Subtropical Front (STF) (Sokolov 
& Rintoul, 2002; Talley, 2011). Because the STF migrated northwards during the LGM in this region (e.g., 
Bostock et al., 2015; Sikes et al., 2009), surface hydrology at the core location was dominated by Subant-
arctic surface waters during the last deglaciation. This allows us to establish an age model by tuning sea 
surface temperature (SST) at the core location to Antarctic air temperature (e.g., Pahnke et al., 2003; Ronge 
et al., 2016; Rose et al., 2010; Waelbroeck et al., 2019). Regarding deep water conditions, core MD97-2106 
is currently bathed in Circumpolar Deep Water (CDW) (Figure 1b), a mixture of deep waters from all three 
major ocean basins and Antarctic Bottom Water (AABW) (Talley, 2011, 2013). The lower CDW (LCDW) 
upwells to the South of the Antarctic Circumpolar Current. A branch of the upwelled waters is transported 
southwards, some of which eventually sinks and contributes to AABW (Rintoul, 2018; Talley, 2011, 2013). 
Recent modeling studies suggest that most AABW recirculates within the Southern Ocean, and only a small 
portion is transported northwards into the Indo-Pacific Ocean (Farneti et al., 2015; Lee et al., 2019). Com-
pared to LCDW, the upper CDW (UCDW) upwells further north in the Antarctic Zone. After upwelling, 
UCDW subsequently subducts and is transported mostly northwards, contributing to intermediate and 
mode water formations (Talley, 2011, 2013). Because core MD97-2106 is bathed in LCDW, this site can be 
used to investigate the ventilation of the deep Southern Ocean.

2.2.  Planktic Mg/Ca

SST at MD97-2106 is reconstructed using Mg/Ca in the planktic foraminifera Globigerina bulloides. From 
each sample, about 30–40 foraminifera shells from the 300–355 µm size fraction were picked and cleaned 
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following the “Mg-cleaning” procedure without the “reductive-cleaning” step (Barker et al., 2003; Boyle & 
Keigwin, 1985). The “Mg-cleaning” procedure is chosen to prevent potential partial dissolution during the 
reductive-cleaning step (Yu et al., 2007). Mg/Ca ratios, along with other element to calcium ratios, were 
measured on an iCAP RQ inductively coupled plasma mass spectrometer (ICP-MS) at the Australian Na-
tional University (ANU), following an established method (Yu et al., 2005). Analytical precision for Mg/Ca 
is better than 1% (1 standard deviation, 1σ). Repeated measurements of carbonate reference materials, BAM 
RS3 and CMSI 1767, yield ratios (0.788 ± 0.004 mmol/mol, n = 10, 1σ and 5.56 ± 0.05 mmol/mol, n = 8, 
1σ, respectively) comparable to the accepted values (Greaves et al., 2008). Al/Ca and Mn/Ca, which are 
measured to monitor effectiveness of the cleaning procedure, are below 40 and 30 µmol/mol, respectively, 
and neither of them correlates with Mg/Ca (Table S2). Mg/Ca-based SST is calculated using the calibration 
of Elderfield and Ganssen (2000).

2.3.  Age Model

Our age model for MD97-2106 is based on combined use of planktic radiocarbon (Holocene and the LGM) 
and G. bulloides Mg/Ca-SST (the last deglaciation). The ages of the Holocene are constrained based on 
planktic foraminifera radiocarbon dates using a surface reservoir age of 500 ± 100 years (Moy et al., 2006). 
The ages of the LGM are calculated using planktic radiocarbon dates (Moy et al., 2006, this study) with 
a surface reservoir age of 1,155 ± 500 years following Skinner et al. (2017). A larger uncertainty for the 
LGM surface reservoir age is employed to account for less constraint on glacial surface reservoir age in the 
Southwest Pacific. These radiocarbon ages are calibrated using the IntCal20 curve (Reimer et al., 2020). 
To circumvent age uncertainties associated with potentially large surface reservoir age variability in the 
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Figure 1.  (a) Location of core MD97-2106, and other records discussed in the paper. The black curve represents the annual mean position of the modern STF. 
(b) Natural seawater Δ14C transect along sections 1 shown in (a). (c) The same as (b) but for section 2 (Key et al., 2004). Black arrows in (c) indicate modern 
water transport across 32°S in the Pacific (Ganachaud, 2003). STF, Subtropical Front. AABW, Antarctic Bottom Water; LCDW, Lower Circumpolar Deep Water; 
UCDW, Upper Circumpolar Deep Water; AAIW, Antarctic Intermediate Water; PDW, Pacific Deep Water.



Paleoceanography and Paleoclimatology

South Pacific as previously reported (Sikes & Guilderson, 2016; Skinner et al., 2015), we avoid using age 
controls based on planktic radiocarbon during the last deglaciation. Instead, we construct the deglacial 
age model for MD97-2106 by aligning G. bulloides Mg/Ca-SST with the EPICA Dome C (EDC) δD record 
(Jouzel et al., 2007) on the WD2014 age model (Buizert et al., 2018; EPICA Community Members, 2006) 
(Figures 2c and 2d), following similar approaches applied to sediment cores in the Southern Ocean (e.g., 
Pahnke et al., 2003; Rose et al., 2010; Waelbroeck et al., 2019). Our age model yields sedimentation rates 
between 10 and 20 cm/kyr during the last deglaciation. Choosing different SST-δD tie-points will slightly 
change the calculated deep-water radiocarbon values, but not to a degree that would affect our main conclu-
sion (Figure S2). All uncertainties associated with the age model are computed using the Undatable MAT-
LAB script (Lougheed & Obrochta, 2019), and are incorporated into uncertainty propagation of deep-water 
radiocarbon signatures.

2.4.  Deep-water Radiocarbon Signatures

Foraminiferal radiocarbon measurements were performed at the ANU 
and the Keck Carbon Cycle AMS Laboratory at the University of Califor-
nia Irvine. Foraminifera shells from the fraction larger than 212 µm were 
picked. Miliolid species (e.g., Pyrgo spp., Triloculina spp.) and deep-infau-
nal species (e.g., Chilostomella oolina, Globobulimina spp.) were excluded 
to avoid potential bias on radiocarbon ages (Ezat et  al.,  2017; Magana 
et al., 2010). The weight of benthic foraminifera ranges from 2.2 to 4.8 mg 
per sample, with an average of 3.5 mg. Deep-water Δ14C is calculated using 

the following equation (Adkins & Boyle, 1997; Stuiver & Polach, 1977): 



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radiocarbon age for benthic foraminifera and Cal age is the calendar age 
based on our age model as described above. To account for the influence 
of atmospheric Δ14C variabilities on deep water Δ14C, we adopt the metric 
of δ14R, the relative deviation between deep water and atmospheric Δ14C, 
which is calculated by the following equation (Hines et al., 2015; Soulet 

et al., 2016; Zhao & Keigwin, 2018): 
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The 1σ uncertainties of Δ14C and δ14R are derived by a Monte-Carlo 
method, incorporating uncertainties from 14C age measurements, Cal 
age, and atmospheric Δ14C (Reimer et al., 2020).

3.  Results
3.1.  Deep-water Δ14C and δ14R at MD97-2106

Our high-resolution radiocarbon record reveals ventilation changes in 
the deep Southwest Pacific during the last deglaciation on millennial 
timescales, with errors including uncertainties associated with radiocar-
bon measurements in benthic foraminifera, age model, and atmospheric 
radiocarbon. From the LGM to HS1 (22–14.6 kyr BP), benthic foraminif-
eral Δ14C at MD97-2106 remained roughly stable, while atmospheric 
Δ14C decreased (Figure 2a). During the ACR, MD97-2106 benthic Δ14C 
dropped by ∼150‰, while atmospheric Δ14C was relatively stable. From 
the YD to the early Holocene, our deep-water Δ14C stayed constant, co-
inciding with the declining atmospheric Δ14C (Figure 2a). Considering 
atmospheric and benthic Δ14C changes together, our calculated δ14R at 
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Figure 2.  (a) MD97-2106 benthic Δ14C with ±1σ uncertainties compared 
to IntCal20 atmospheric Δ14C (Reimer et al., 2020). (b) MD97-2016 δ14R. 
(c) MD97-2106 SST reconstruction based on G. bulloides Mg/Ca. (d) EDC 
δD (Jouzel et al., 2007). Upward and downward triangles represent age 
control points based on SST-δD alignment and planktic radiocarbon 
dates, respectively. Gray bars indicate the YD and HS1. SST, sea surface 
temperature. EDC, EPICA Dome C; YD, Younger Dryas; HS, Heinrich 
Stadial 1.
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MD97-2106 were more depleted, by ∼70‰, during the LGM than dur-
ing the early Holocene (Figure 2b). Our δ14R increased by ∼100‰ during 
HS1, peaked at the onset of the ACR, and declined by ∼80‰ during the 
ACR. This was followed by a ∼60‰ rise during the YD (Figure 2b). The 
δ14R decline across the ACR is a robust feature that is independent of 
the choice of the tie-points for the ACR in our age model (Figure S2). 
Even if the tie-points are offset by 2–5 cm, the δ14R structure during the 
ACR remains unchanged, despite that the magnitude of δ14R would vary 
between 50‰ and 150‰ (Figure S2). Such a clear δ14R decline during the 
ACR is a unique feature compared to other records in the deep Southern 
Ocean based on both deep-sea corals and benthic foraminifera.

3.2.  Comparison With Southern Ocean Deep-Sea Coral Records

Figure  3a shows deep-sea coral δ14R records from South of Tasmania 
(AAIW depth) and the Drake Passage (UCDW depth) (Burke & Robin-
son, 2011; Chen et al., 2015; Hines et al., 2015). During the LGM, MD97-
2106 benthic foraminifera and Drake Passage deep-sea corals show sim-
ilar δ14R values that are ∼70‰ more depleted than AAIW signatures 
revealed by South Tasmania deep-sea corals. During HS1, both LCDW 
(MD97-2106) and UCDW (Drake Passage) δ14R increased and converged 
with the AAIW δ14R record (South Tasmania). δ14R at MD97-2106 de-
clined by ∼80‰ during the ACR. In contrast, average δ14R in UCDW and 
AAIW show minimal changes between the onset and the end of the ACR, 
despite large centennial-timescale variabilities within the ACR. As a re-
sult, a ∼100‰ δ14R gradient between UCDW and LCDW can be inferred 
by the end of ACR. To our knowledge, the diverging ACR radiocarbon 
signals between LCDW and UCDW is observed for the first time in the 
South Pacific.

3.3.  Comparison With Other Southern Ocean Benthic 
Foraminiferal Records

Figures  3b and 3c show δ14R records in two Indian cores PS39/907-2 
and PS2606-6 (53–55°S, 2.3–2.5 km; LCDW-depth) (Ronge et al., 2020) 
and two Atlantic cores TNO57-21 (41°S, 5.0 km; AABW depth) (Bark-
er et  al.,  2010) and MD07-3076 (44°S, 3.8  km; LCDW depth) (Skinner 
et  al.,  2010). For the two Atlantic cores, we show δ14R records based 
on their original age models. Applying updated age models to these 
two cores (Waelbroeck et al., 2019) does not affect our conclusion (Fig-
ure S3). During the LGM, our δ14R data are similar to those from TNO57-
21 and PS69/907-2, but are higher than values from MD07-3076 (Fig-
ures 3b and 3c). During HS1, deep-water δ14R at MD97-2106 converged 
with all other δ14R records investigated (Figures 3b and 3c). During the 
ACR, compared to the MD97-2106 record that shows a well-defined 
∼80‰ δ14R decline, the two Indian records show ambiguous trends due 

to their low resolution (Figure 3b). In the Atlantic, the ACR δ14R structure in core TNO57-21 is sensitive 
to the choice of age model: while there is minimal change when using the original age model (Figure 3), a 
∼30‰ decline can be observed using the age model of Waelbroeck et al. (2019)(Figure S3). At MD07-3076, 
∼50‰–70‰ declines may be revealed depending on different age models (Figure S3). During the YD, the 
two Indian cores show increases in δ14R similar to our MD97-2106 record. δ14R changes during the YD at 
the two Atlantic cores are also dependent on the choice of age models. At TNO57-21, an increase in δ14R 
can only be observed using the age model of Waelbroeck et al. (2019). At MD07-3076, while no clear trend 
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Figure 3.  Comparison of MD97-2016 δ14R with (a) deep-sea coral records 
(Burke & Robinson, 2011; Chen et al., 2015; Hines et al., 2015) from the 
South Pacific, (b) benthic foraminifera based records from the South 
Indian (Ronge et al., 2020), (c) benthic foraminifera based records from 
the South Atlantic (Barker et al., 2010; Skinner et al., 2010). (d) Zonal 
average of permanent sea-ice extent (70% ice concentration) in the Pacific 
Sector of the Southern Ocean from CCSM3-TRaCE-21ka (Liu et al., 2009). 
(e) Sea-salt sodium at West Antarctic Ice Sheet (15-point moving average) 
(EPICA Community Members, 2013). (f) Zonal average of vertical velocity 
at the bottom of mixed layer at 68°S in the Pacific from CCSM3-TRaCE-
21ka (Liu et al., 2009). (g) Opal flux in the Antarctic Zone (Anderson 
et al., 2009). (h) Atmospheric CO2 (Marcott et al., 2014). Curves in (a–c) 
are LOESS-smoothed averages. Bold curves in (d) and (f) are 100 years 
moving averages.
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in δ14R is seen using the original age model, a ∼60‰ δ14R increase can be obtained using the age model of 
Waelbroeck et al. (2019) (Figure S3).

4.  Discussion
4.1.  Breakdown of Southern Ocean Stratification During HS1

During the LGM, our new record of LCDW δ14R from the Southwest Pacific (MD97-2106) is similar to many 
other records of deep water masses from the Southern Ocean (Barker et al., 2010; Burke & Robinson, 2011; 
Chen et al., 2015; Ronge et al., 2020) (Figures 3a–3c), but shows lower values than reconstructions of nearby 
Southwest Pacific intermediate waters (Hines et al., 2015) (Figure 3a). Among the deep-water δ14R records, 
the South Atlantic site MD07-3076 has the most negative δ14R values during the LGM, although sensitivity 
test suggests this LGM δ14R value is sensitive to the choices of age models (Figure S3). Nevertheless, the most 
negative δ14R at MD07-3076 can be attributed to an influence from poorly ventilated Pacific Deep Waters, as 
indicated by deep water [CO3

2−] and neodymium isotopes (Yu et al., 2020). Our δ14R record, taken together 
with published records, suggests that the deep Southern Ocean became more isolated from the upper ocean 
and the atmosphere during the LGM. This would facilitate sequestration of carbon in the ocean interior 
with an effect to lower atmospheric CO2 (Burke & Robinson, 2011; Rae et al., 2018; Skinner et al., 2010).

During HS1, our δ14R from the Southwest Pacific increased, in parallel with other deep Southern Ocean 
water mass records (Barker et al., 2010; Burke & Robinson, 2011; Chen et al., 2015; Ronge et al., 2020; Skin-
ner et al., 2010) (Figures 3a–3c), converging with nearby coral δ14R records at intermediate depths (Hines 
et al., 2015) (Figure 3a). This convergence of deep and intermediate seawater δ14R indicates a breakdown 
of stratification between intermediate and deep water masses. Similar features are also observed in other 
sectors of the Southern Ocean, suggesting widespread water mass de-stratification during HS1. This early 
deglacial breakdown in stratification might have enhanced nutrient supply and fueled surface production 
in the Antarctic Zone, consistent with proxy records (Anderson et al., 2009). At the same time, improved 
Southern Ocean ventilation would release old carbon to the atmosphere during HS1, contributing to the 
millennial timescale atmospheric CO2 rise (Anderson et al., 2009; Sigman et al., 2010; Stephens & Keel-
ing, 2000; Toggweiler et al., 2006).

4.2.  Reduced Deep Southern Ocean Ventilation During the ACR

In contrast to the rise in LCDW δ14R that is consistent with stratification breakdown during HS1, our 
reconstruction of LCDW δ14R in the Southwest Pacific differs from many other records during the ACR 
(Figures 3a–3c). It decreased by ∼80‰ during this period, indicating deteriorating ventilation of the deep 
Southwest Pacific. We note that previous LCDW δ14R records from the Indian Sector also show low δ14R val-
ues during the ACR, but no clear trend can be defined, owing to the limited resolution (Figure 3b) (Ronge 
et al., 2020). By contrast, our record, for the first time, clearly defines a declining trend at LCDW-depths in 
the deep Southern Ocean during the ACR, filling a critical gap.

The clear decline in LCDW δ14R during the ACR observed at our core differs from δ14R at UCDW-depths 
and AAIW-depths in the South Pacific, which shows sustained high δ14R values despite some short-lived 
variabilities (Burke & Robinson, 2011; Chen et al., 2015; Hines et al., 2015) (Figure 3a). The increased gra-
dient in UCDW-LCDW δ14R during the ACR indicates a re-establishment of strong stratification in the deep 
Southern Ocean between UCDW and LCDW during this period. Furthermore, on millennial timescales, 
the increased UCDW-LCDW stratification is synchronous with the widespread mid-high latitude Southern 
Hemisphere cooling (Pedro et al., 2015), and sea-ice expansion around Antarctica (Lamping et al., 2020; EP-
ICA Community Members, 2013). Such a coincidence suggests that the deterioration of the deep Southwest 
Pacific ventilation and the establishment of the deep Southern Ocean stratification are likely linked to the 
Southern Hemisphere changes.

The lowering of LCDW δ14R and the apparent increase in UCDW-LCDW stratification during the ACR 
we observe can be explained by changes in Antarctic sea-ice. Expanded sea-ice reduces communication 
between deep and surface waters (Nadeau et al., 2019; Sigman et al., 2010; Stephens & Keeling, 2000) and 
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increases the density contrast between the upper and lower ocean circulation cells (Ferrari et  al.,  2014; 
Nadeau et al., 2019; Watson & Garabato, 2006; Watson et al., 2015). Modeling results (CCSM3-TraCE-21ka) 
also demonstrate a link between perennial sea-ice expansion during the ACR and reduced deep vertical 
Southern Ocean mixing (Liu et al., 2009) (Figures 3d and 3f). Furthermore, the extent of Southern Ocean 
sea-ice also dictates the depth of the boundary separating these two circulation cells in the ocean interior 
(Ferrari et al., 2014; Nadeau et al., 2019; Watson & Garabato, 2006; Watson et al., 2015), so that sea-ice ex-
pansion is proportional to the depth that the boundary between the upper and lower circulation cells shoals 
(Ferrari et al., 2014; Nadeau et al., 2019). Indeed, ice core sea-salt sodium records show increased sea-ice 
production during the ACR relative to HS1 (EPICA Community Members, 2013) (Figure 3e), and In regions 
like the western Amundsen Sea, the sea-ice coverage during the ACR is even thought to reach a similar lat-
itude to that during the LGM on a local scale (Lamping et al., 2020). The sea-ice expansion during the ACR 
reduced gas exchange between the atmosphere and the deep Southern Ocean, thus resulting in radiocarbon 
aging of LCDW during the ACR (Nadeau et al., 2019). Additionally, the sea-ice was overall less extensive 
during the ACR than the LGM (EPICA Community Members, 2013), the boundary between two circulation 
cells would be deeper during the ACR than the LGM as a result. These predictions of expanded Southern 
Ocean sea-ice during the ACR are consistent with our results that demonstrate a large δ14R contrast between 
UCDW and LCDW and thus a deeper stratification in the Southern Ocean during the ACR (Figure 3a).

4.2.1.  Interbasin Differences in the ACR Ventilation

Ventilation changes in the deep Southern Ocean during the ACR appear to differ among three sectors, based 
on currently available data. Records from the Southwest Pacific (this study) and Indian Sectors (Ronge 
et al., 2020) demonstrate a similar pattern of reduced ventilation and increased stratification during the 
ACR, although Indian-Sector records with higher resolution are needed to better confirm this agreement. 
In the Atlantic Sector of the Southern Ocean, a clear trend in ventilation changes during the ACR is still 
difficult to confirm because of relatively low temporal resolution in Core TNO57-21 (Barker et al., 2010) 
(Figure 3c) and an age model-sensitive δ14R at the better resolved Core MD07-3076 (Figures 3c and S3) 
(Skinner et al., 2010; Waelbroeck et al., 2019). The lack of a clear decrease in δ14R during the ACR in the 
South Atlantic (Figure 3c) could be explained by a stronger influence of the relatively well-ventilated (high-
δ14R) NADW. Several studies report a reinvigorated NADW during the ACR, which would increase deep 
water δ14R throughout the South Atlantic (including sites TNO57-21 and MD07-3076) (Barker et al., 2010; 
McManus et al., 2004; Skinner et al., 2010, 2013, 2014). An increased NADW influence on the deep South 
Atlantic during the ACR is also registered by deep-water [CO3

2−] (Yu et al., 2014) and δ13C records (Lund 
et al., 2015; Ninnemann & Charles, 2002). Consequently, this enhanced NADW influence may partially 
counteract the effect from the reduced Southern Ocean ventilation.

The interbasin difference in ventilation changes during the ACR can be attributed to the restricted inter-
basin connectivity at deep depths which was not relaxed until the onset of the YD (McCave et al., 2008; 
Sikes et al., 2017). In contrast to the South Atlantic, the influence from the reinvigorated NADW during the 
ACR on our site from the Southwest Pacific is more limited, so that a larger δ14R decline can be recorded at 
site MD97-2106. However, we also note that the limited deep interbasin transport before the YD (McCave 
et al., 2008; Sikes et al., 2017) may confine regional influence on radiocarbon in the Pacific Sector. There-
fore, we cannot entirely rule out the possibility that the large δ14R decline observed at Core MD97-2106 is 
partially due to stronger influence from a radiocarbon depleted water mass, e.g., Pacific Deep Water. More 
high-resolution records with reliable age models are needed to better constrain the deglacial ventilation 
history in the Southern Ocean.

4.2.2.  Influence of Deep Southern Ocean Stratification on Atmospheric CO2

The reduced ventilation and increased stratification during the ACR in the deep Pacific Sector of the South-
ern Ocean, inferred from our radiocarbon records, has important implications on the paused atmospheric 
CO2 rise during this period. The reduced ventilation and increased stratification tend to store carbon in 
the deep Southern Ocean. Moreover, these changes also coincide with reduced CO2 release from the deep 
Southern Ocean inferred from reduced upwelling in the Antarctic Zone, as indicated by the declining export 
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productivity (Anderson et al., 2009). Based on these records, more carbon was likely accumulated in the 
deep Southern Ocean during the ACR, when the atmospheric CO2 rise was halted (Marcott et al., 2014). 
Meanwhile, CO2 outgassing was sustained during this period in regions such as the Eastern Equatorial 
Pacific, and the North Pacific, based on surface water pH reconstructions (Gray et al., 2018; Martinez-Boti 
et al., 2015). The increased carbon storage in the deep Southern Ocean, supported by our LCDW δ14R record, 
likely counteracted the CO2 outgassing from other regions, and contributed to the atmospheric CO2 plateau 
during the ACR observed in the ice core record (Marcott et al., 2014).

4.3.  Enhanced Deep Southwest Pacific Ventilation During the YD

The deep-water δ14R increase at MD97-2106 during the YD also coincides with a millennial-timescale at-
mospheric CO2 increase (Figures 3a and 3h). Our reconstruction fills the observational gap of LCDW radio-
carbon during the YD in the South Pacific, and shows that old carbon was released from the deep Southwest 
Pacific during this time. In contrast, deep-sea coral records show no major δ14R increase in UCDW until the 
end of the YD, reflecting minimal ventilation changes to the UCDW characteristics in the Southern Ocean 
during the YD (Chen et al., 2015). Therefore, our record suggests that the ventilated deep waters in the Pa-
cific Sector of the Southern Ocean are important sources of the millennial-timescale atmospheric CO2 rise 
during the YD. The enhanced ventilation is likely the result of breakdown of the ACR stratification, accom-
panied by the intensified upwelling around Antarctica (Anderson et al., 2009), and sea-ice retreat associated 
with the South Hemisphere warming (Figures 3d–3f). Similar δ14R changes during the YD have also been 
observed in the Indian Sector (Ronge et al., 2020) (Figure 3b). Compared to the Indo-Pacific deep-water ra-
diocarbon records, the South Atlantic data during the YD shows a less clear signal for improved ventilation 
(Skinner et al., 2010). This may be linked to the lack of strong δ14R decline during the ACR in the South 
Atlantic. The South Atlantic likely remained better ventilated than the Indo-Pacific due to the NADW influ-
ence during the ACR. As a result, the improvement of the South Atlantic ventilation may be smaller, and/or 
the deep water radiocarbon is less sensitive to further ventilation enhancement during the YD.

5.  Conclusions
We present a new radiocarbon record at the LCDW-depth from the southwest Pacific, with the deglacial age 
model constrained by tuning planktic Mg/Ca-SST to Antarctic ice-core air temperature. Our data show two-
phase ventilation increases that coincided with millennial-timescale atmospheric CO2 rises during HS1 and 
the YD. This lends strong support to the important role of the Pacific Sector of the Southern Ocean in affect-
ing millennial-timescale deglacial atmospheric CO2 rise during these times. Combined with published data, 
our data also suggest that the deep South Pacific became less well-ventilated and more stratified during the 
ACR. This is possibly caused by a readvancement of sea-ice in the Southern Ocean, allowing accumulation 
of carbon at depth. The increased carbon reservoir in the deep Southwest Pacific during the ACR may coun-
teract sustained CO2 outgassing in other regions, and contributed to the halted atmospheric CO2 rise during 
the ACR. Overall, our record demonstrates a close relationship between deep Southern Ocean ventilation 
and deglacial atmospheric CO2 variations.

Data Availability Statement
New data generated in this study are all in the supplementary material, and are available at 
https://doi.org/10.5281/zenodo.4419794.
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