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Abstract Coeval changes in atmospheric CO, and '*C contents during the last deglaciation are often
attributed to ocean circulation changes that released carbon stored in the deep ocean during the Last
Glacial Maximum (LGM). Work is being done to generate records that allow for the identification of the
exact mechanisms leading to the accumulation and release of carbon from the oceanic reservoir, but these
mechanisms are still the subject of debate. Here we present foraminifera '“C data from five cores in a
transect across the Chilean continental margin between ~540 and ~3,100 m depth spanning the last
20,000 years. Our data reveal that during the LGM, waters at ~2,000 m were 50% to 80% more depleted in
A™C than waters at ~1,500 m when compared to modern values, consistent with the hypothesis of a glacial
deep ocean carbon reservoir that was isolated from the atmosphere. During the deglaciation, our
intermediate water records reveal homogenization in the AYC values between ~800 and ~1,500 m from
~16.5-14.5 ka cal BP to ~14-12 ka cal BP, which we interpret as deeper penetration of Antarctic Intermediate
Water. While many questions still remain, this process could aid the ventilation of the deep ocean at the
beginning of the deglaciation, contributing to the observed ~40 ppm rise in atmospheric pCO,.

1. Introduction

The ocean is thought to play an important role in the variations of atmospheric pCO, over glacial-
interglacial cycles. During the last deglaciation, a ~75 ppm rise in atmospheric pCO, (Barnola et al., 1987;
Marcott et al., 2014; Monnin et al., 2001) occurred synchronously with a ~190 + 10%. drop in atmospheric
A™C (Reimer et al., 2013). Due to its large content of mobile carbon and the time scale of its overturning,
the deep ocean is considered the most likely source of a **C-depleted CO, reservoir that would be transferred
to the atmosphere during the last deglaciation (Broecker & Barker, 2007). Different hypotheses have been
called upon to explain the ocean's role in changing atmospheric CO, concentrations and for the exact source
area and mechanism controlling this release of depleted '*CO,. Among these are changes in oceanic circula-
tion leading to the formation of an isolated deepwater carbon reservoir (Adkins, 2013; Ferrari et al., 2014;
Keeling & Stephens, 2001, Keeling, 2007; Toggweiler, 1999; Stephens & Keeling, 2000; Watson & Naveira
Garabato, 2006), changes in the biological pump efficiency in capturing atmospheric CO, (e.g., Duchamp-
Alphonse et al., 2018; Kohfeld et al., 2005; Pichevin et al., 2009; Sigman & Boyle, 2000), release of 4c-dead
CO, from clathrate deposits due to changes in the temperature of the ocean (Stott & Timmermann, 2011),
and increased production of **C-dead CO, associated with higher magmatism in ocean ridges during periods
of low sea level, such as the last glacial period (Crowley et al., 2015; Lund & Asimow, 2011; Tolstoy, 2015).

Evidence of the deep ocean as the source of the atmospheric **C decline has been found in marine sediment
cores throughout the oceans. Widespread evidence of moderately '“C-depleted deep waters (>2,000-m
depth) during the late glacial period (25-10 ka BP) has been found in the North Pacific (NP; Galbraith
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et al., 2007; Rae et al., 2014), South West Pacific (SWP; Ronge et al., 2016; Sikes et al., 2016), Equatorial East
Pacific (EEP; De la Fuente et al., 2015; Keigwin & Lehman, 2015; Umling & Thunell, 2017), and Southern
Ocean (SO; Burke & Robinson, 2012; Chen et al., 2015; Skinner et al., 2010). These records are consistent
with the hypothesis of an isolated deep ocean reservoir during the Last Glacial Maximum (LGM) associated
with increased sea ice extent around Antarctica (Adkins, 2013; Ferrari et al., 2014; Keeling & Stephens, 2001,
Stephens & Keeling, 2000; Watson & Naveira Garabato, 2006). Additionally, extremely **C-depleted values
have been found in deepwater sediment cores dating from the LGM in the SWP (Ronge et al., 2016; Sikes
et al., 2016; Skinner et al., 2015) and East Pacific Rise (EPR; Ronge et al., 2016) and during the deglac1at10n
in intermediate water cores in the EEP (Bova et al., 2018; Stott et al., 2009), Baja California (Lindsay et al.,
2015; Marchitto et al., 2007), and Arabian Sea (Bryant et al., 2010). It has been hypothesized that these s
extremely **C-depleted waters are due to a breakdown in deep ocean stratification at the beginning of the
deglaciation, and the subsequent transfer of a **C-depleted water mass to intermediate waters, particularly 8
to Subantarctic Mode Water (SAMW) and Antarctic Intermediate Water (AAIW) as seen in *>C records of §
planktonic foraminifera (Spero & Lea, 2002). However, evidence of this mechanism closer to the formation
areas of intermediate and deep waters has not been found (e.g., Burke & Robinson, 2012; De Pol-Holz et al.,
2010; Rose et al., 2010). An alternative hypothesis suggests that the extremely “*C-depleted deepwater
records of the SWP and EPR (Ronge et al., 2016) stem from enhanced local 14C-dead CO, production in
oceanic ridges during glacial periods. This hypothesis is supported by independent evidence of enhanced
undersea volcanism during the last deglacial period, driven by lower sea level and reduced pressure in the
deep ocean (Crowley et al., 2015; Lund & Asimow, 2011; Tolstoy, 2015).
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While it is important to identify the mechanisms leading to the formation of the glacial deep ocean carbon
reservoir, it is equally important to understand the mechanisms associated with its release to the atmo-
sphere. During the last deglaciation, the SO and the EEP registered changes suggesting that both areas
had a key role in the ventilation of the CO,-rich/**C-depleted deep ocean reservoir. Carbon isotope and opal =y
flux records reveal sustained conditions of increased upwelling and/or decreased stratification between the 8
upper and deep oceanic circulation cells in the SO during the deglaciation, diminishing only during the
Antarctic Cold Reversal (ACR; Anderson et al., 2009; Siani et al., 2013). At the same time, boron isotope
records suggest enhanced outgassing of CO, in both the SO and EEP during the deglaciation (Martinez-
Boti et al., 2015). In addition, tephrochronology records indicate high “C Surface Reservoir ages (Rg) in
the SO at the beginning of the deglaciation, suggesting upwelling of '*C-depleted water to the surface ¢

(Siani et al., 2013; Sikes & Guilderson, 2016; Sikes et al., 2016; Sikes et al., 2000; Skinner et al., 2015).
Meanwhile, in the Galapagos platform, Rg estimated by tuning between different records (Bova et al.,
2018; De la Fuente et al., 2015; Umling & Thunell, 2017) yield Rg even higher than in the SO. In contrast,
the EEP region along the south American margin, the Rg obtained by tuning (Bova et al., 2018) and by 3
wood-planktic foraminifera pairs (Zhao & Keigwin, 2018) yield generally lower values. In conclusion, the 3
exact mechanism(s) of carbon release remains highly debated, and more work is still needed to understand 5
the details of oceanic circulation changes, from the LGM into the Holocene, that control this ventilation.
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The Southeast Pacific (SEP) is a key region for testing these hypotheses since it is influenced by water masses
originating in the SO, the EEP, and the NP (Figure 1). Our studied area therefore captures the different
signals propagating from each of these regions, potentially allowing us to distinguish the local processes
occurrlng in the SO and EEP from those in the NP. So far only two cores have been studied in the SEP usmg

!4C to interpret ventilation changes (Figure 1): core S0161-22SL (from now on 22SL, ~1,000 m, ~36°S; De A
Pol-Holz et al., 2010) and core MD07-3088 (~1,500 m, ~46°S; Siani et al., 2013). Based on carbon isotope data
and tephrochronology estimates of R, Siani et al. (2013) inferred enhanced upwelling in the Pacific area of
the SO during the last deglaciation and found '*C-depleted waters during the LGM (~350%. A'C lower than
the contemporary atmosphere) in line with a large number of deep cores in the Pacific Ocean (De la Fuente
et al., 2015; Galbraith et al., 2007; Keigwin & Lehman, 2015; Rae et al., 2014; Ronge et al., 2016; Sikes et al.,
2016; Skinner et al., 2015; Umling & Thunell, 2017).
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These two locations capture only a narrow depth range (Figure 1), which could have missed the core of
intermediate waters and potentially the '*C-depleted deepwater reservoir. In order to obtain a more com-
plete picture of the ventilation history in the SEP during the last deglaciation, we here report **C ages of
planktic and benthic foraminifera and stable isotope (5*>C) measurements in planktic foraminifera, from
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Figure 1. (a) Position of the studied cores (Table S3) and core MD07-3088 (Siani et al., 2013) in a sea surface temperature map. Also presented are the surface
water masses in the area: Subantarctic Water (SAAW), transported by the Antarctic Circumpolar Current, and Subtropical Water (STW), transported by the
Peru-Chile Countercurrent; (b) main water masses discussed in the text indicated by the salinity distribution obtained from gridded WOCE data (Gouretski &
Koltermann, 2004) along the transect shown in gray in (a) in depths from 0 to 1,200 m; (c) same as (b) but between 0- and 5,000m depth. Visualization is based
on Ocean Data View (Schlitzer, 2018). All studied core sites are indicated by the respective colored symbols. AAIW = Antarctic Intermediate Water;

ESSW = Equatorial Subsurface Water; PDW = Pacific Deep Water.
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five sediment cores, including new “*C ages for core 22SL. This new set of marine sediment cores spans from
~31°S to 36°S and ~540 to 3,100 m water depth along the Chilean continental margin (Figure 1), providing a
more complete perspective of ventilation and water mass changes during glacial-interglacial cycles.

2. Oceanographic Setting
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The SEP is influenced by water masses originating in the SO, the EEP, and the NP (Figure 1). Subantarctic 3
Water (SAAW), SAMW, and AAIW form in the SO; Equatorial Subsurface Water (ESSW) in the EEP; and 3
Pacific Deep Water (PDW) originates in the NP and North Atlantic, primarily. SAAW is found along the o &
Chilean margin from ~52°S to ~28°S (Silva et al., 2009) from the surface to ~100 m depth. It originates from
upwelled water in the Antarctic divergence zone (Tomczak & Godfrey, 2003) and is advected by the
Antarctic Circumpolar Current (ACC) until it encounters the American continent between ~42°S and =
48°S where it divides in two branches, the southward flowing Cape Horn Current and the northward flowing
Peru-Chile Current or Humboldt Current (Silva & Neshyba, 1977, 1980; Strub et al., 1998). Northward of
~28°S, the surface layer is occupied by Subtropical Water (STW), advected southward by the Peru-Chile
Countercurrent (PCCC, Strub et al., 1998).

19,

pe

Underneath surface waters, the ESSW is transported from the EEP to the south (Figure 1) by the Peru-Chile
Undercurrent along the Chilean margin (Silva et al., 2009; Silva & Fonseca, 1983; Strub et al., 1998; Wooster
& Gilmartin, 1961; Wyrtki, 1967) and at ~80°W by the PCCC (Silva et al., 2009). Its core is characterized by a
subsurface salinity maximum at ~250 m depth (Figure 1), which can still be identified at ~48°S, though not
further than ~100 km from the coast (Silva et al., 2009). The ESSW is also characterized by low oxygen con-
tent, derived from the advection of waters from the Oxygen Minimum Zone of the EEP.

9sSUdIT suowwo) aAnea.) ajqedijdde ayy A

Information on *C content in the water column for the region is scarce. The most detailed record is station
P06-E11 (~32.5°S) from the World Ocean Circulation Experiment-Hydrographic Program (Kumamoto et al., 2011).
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Because of the “bomb effect,” which doubled the “C content of the atmosphere in the 1950s and 1960s, the
amounts of *C have been modified from the surface down to ~1,500 m in the SEP. However, prebom|
A™C values has been estimated from silicate concentrations, alkalinity, and apparent oxygen utilization
Kumamoto et al. (2011), which is here used as reference for depths shallower than 1,500 m (Figure S2 in
supporting information).
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SAMW and AAIW originate in the SO and, in the SEP, have very similar characteristics (McCartney, 1977).
In particular, AATW ventilates intermediate waters from ~400 to 1,000 m depth with its core at ~600 m (Silva 3
et al., 2009), easily identified as a salinity minimum (Figure 1; Johnson, 1973; Reid, 1965; Tsuchiya & Talley, &
1996, 1998). Both SAMW and AAIW presently form in various areas of the SO, where recently upwelled deep 2
waters subduct into intermediate depths ventilating the thermocline in the Pacific, Atlantic, and Indian =:
oceans (Bostock et al., 2013; McCartney, 1977; Piola & Gordon, 1989). The exact subduction and formation 3
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on AAIW formation and Sloyan et al., 2010, for SAMW and AAIW). The SEP has been indicated as the main
modern source of AATW (e.g., Bostock et al., 2013; McCartney, 1977, 1982; Talley, 1996, 1999); from there it
circulates to the north to enter the south Pacific subtropical gyre circulation and to the east through the Q_
Drake Passage into the Atlantic Ocean (Talley, 2013; Tomczak & Godfrey, 2003). The prebomb A™C g 8
estimate for the depths bathed by AAIW in the SEP ranges between approximately —150%. and
approximately —100%, A™C (Figure S2).

ue-suua:,/ o

Off Chile, at depths deeper than ~1,200 m, the PDW circulates to the south (Silva et al., 2009). PDW is the
most *C-depleted water mass in the modern ocean, with A'*C values in the SEP between approximately =
—150%0 and —230%0 A'*C (Kumamoto et al., 2011). The formation of PDW is associated with sluggis
mixing processes between Antarctic Bottom Water (AABW), AAIW, and recirculated North Atlantic Deep 2
Water (NADW) along their way to the north Pacific (Talley, 2013; Tomczak & Godfrey, 2003); from there
PDW circulates back south and is recognized by low **C and high nutrient contents.
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3. Materials and Methods

Marine sediment cores GeoB 7167-6, GeoB 7163-7, GeoB 7162-6, GeoB 7149-2, and 22SL (Figure 1) were
retrieved by the German r/v Sonne during expeditions SONNE 156 (Hebbeln and cruise participants,
2001) and SONNE 161 (Wiedicke-Hombach et al., 2002). Cores GeoB 7167-6, GeoB 7163-7, GeoB 7162-6,
and 22SL were obtained at ~36°S, off Concepcion, where sedimentation rates are very high (~40 cm/kyr)
due to high terrestrial input derived from rivers (Hebbeln et al., 2007). Core GeoB 7149-2 was recovered at 3
~31°S off Puerto Oscuro. Despite being adjacent to the semidesert areas of the “Norte Chico,” sedimentation g,
rates at GeoB 7149-2 are relatively high, varying between 20 and 40 cm/kyr due to quasi-perennial o

upwelling-driven marine productivity (De Pol-Holz et al., 2007).

pauJtanob

The planktic foraminifera species—N. dutertrei, N. pachyderma (syn) (i.e., N. pachyderma), N. pachyderma
(dex) (i.e., N. incompta), G. bulloides, and G. inflata—and the benthic foraminifera species—Uvigerina sp. & g-
and Brizalina sp.—were handpicked for monospecific dating when possible. Otherwise, mixed planktic 3 =
foraminifera (N. pachyderma (syn), N. pachyderma (dex), N. dutertrei, and G. bulloides) and mixed benthic
foraminifera (Uvigerina sp., Bolivina sp., Angulogerina sp., Globocassidulina sp., and Dentalina sp.) were
measured. Foraminifer abundances limited the time span and resolution of some of the **C and *>C records.
Detailed information on each sample is provided in Table S1. All *C measurements were carried out at the
Keck Carbon Cycle Accelerator Mass Spectrometer facility at the University of California, Irvine, except for
published data from core 22SL (De Pol-Holz et al., 2010), dated at the National Ocean Science Accelerator
Mass Spectrometer facility at the Woods Hole Oceanographic Institution. Briefly, samples were leached by
10% of their mass using HCI in order to remove any secondary (younger) carbonate and then hydrolyzed
with 85% H3PO, under vacuum. Finally, all samples were graphitized using Fe as a catalyst in the presence
of H,. All *C dates are shown in Table S1 and plotted in Figure S1.

esuaan suowwoy a/\ueaJ:) a|qea||dde

Stable isotopes of carbon (8"*C) were obtained for the planktic foraminifera Globigerina bulloides every 5 cm,
where possible, in the size range >212 um, in cores GeoB 7163-6, GeoB 7167-6, 22SL, and GeoB 7149-2.
Additionaly, N. dutertrei was measured in core GeoB 7149-2. Analyses were performed at the MARUM
Stable Isotope Laboratory on a Thermo Finnigan MAT 252 mass spectrometer linked online to a
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CarboKiel-II carbonate preparation device. Long-term standard deviation was monitored through the
internal laboratory standard Solnhofen Limestone (SHK) with errors estimated in 0.05%o V-PDB for 8'C.
Isotope values were calibrated to the Vienna Pee dee Belemnite scale with the NBS-19 standard. Results
are presented in Table S2.

4. Age Models

Correcting planktic foraminifera '*C ages for a constant Rg has been broadly utilized as a method to produce
marine sediment core chronologies (e.g., De Pol-Holz et al., 2010; Kaiser et al., 2008; Lamy et al., 2004).
However, the assessment of precise Rg has demonstrated that these can vary greatly during the Holocene
(Carré et al., 2015; Latorre et al., 2017) but especially during the late glacial and last deglaciation (Siani 3
et al., 2013; Sikes & Guilderson, 2016; Sikes et al., 2000; Sikes et al., 2016; Skinner et al., 2015). In particular,
Siani et al. (2013) demonstrated the varying nature of the Rg in the SEP between ~15 and 2 ka cal BP, using
tephrochronology in core MD07-3088 (~46°S) and obtaining Rg values ranging between 790 + 160 years and
1,320 + 95 years. In order to obtain robust chronologies, we assess Rg changes at ~36°S and ~31°S since

the LGM.

In the modern SEP, Rg ages result from a combination of SAAW or STW (Figure 1) with relatively

14C-depleted ESSW (Figure S2), which is brought to the surface by coastal upwelling (Strub et al., 1998).
Broadly, three different coastal upwelling regimes exist, which are controlled by the position of the
Southerly Westerly Winds (SWW): (i) south of ~39°S, the permanent presence of SWW inhibits upwelling;
thus, Rg there are controlled mainly by the presence of SAAW; (ii) between ~35°S and 39°S, coastal upwel-
ling is seasonal, because of the latitudinal shift of the SWW to the south in Austral summer allowing coastal
upwelling to occur; (iii) north of ~35°S, coastal upwelling is permanent, and the highest Rg are found in this
area (Carré et al., 201; Ingram & Southon, 1996; Merino-Campos et al., 2019; Ortlieb et al., 2011; Taylor &
Berger, 1967). These different domains of upwelling can also be observed in §'C measurements in planktic
foraminifera in the modern SEP. At present, G. bulloides is interpreted to live in the surface mixed layer and
prefer upwelling conditions, in the SEP (Marchant et al., 1998) and elsewhere (Bemis et al., 1998; Fairbanks
et al., 1982; Ortiz et al., 1995; Sautter & Thunell, 1991). On the other hand, N. pachyderma (dex) has been
suggested to prefer a more stratified surface layer (Marchant et al., 1998; Mortyn & Charles, 2003; Ortiz
et al., 1995, 1996; Sautter & Thunell, 1991). Between ~39°S and 46°S, both species yield similar values o
(Figure S2), consistent with a lack of upwelling, whereas between ~24°S and 35°S, 813C values of G. bulloides >
are ~1.5%o lighter than N. pachyderma (dex), consistent with persisting upwelling conditions in this area i’
(Mohtadi et al., 2005). As a result, 8'C records of G. bulloides are expected to reflect differences in Rg at E
~46°S, ~36°S, and ~31°S resulting from differing contributions of SAAW and ESSW due to variations ing
the intensity of coastal upwelling along the margin. Additionally, Rg variations in the past may have%
occurred because of changes in the '*C signature of the upwelled waters and/or because of modifications 3
in habitat preferences of planktonic foraminifera.
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To assess the relative contribution of SAAW to Rg at ~36°S and ~31°S in the past, we compare the G. bulloides
8'3C records of this study versus core MD07-3088 at ~46°S. G. bulloides 8*>C in core MDO07-3088 is
interpreted to represent the SAAW end member because of its position directly influenced by the ACC
and no coastal upwelling (Strub et al., 1998). In order to assess how Rg varies with latitude, the 8'3 C records
are plotted against their planktic conventional **C ages (Figure 2). Similar trends are observed at ~36°S and
~46°S (Figure 2d), with a distinct “W”-shaped trend in both latitudes but not at ~31°S. However, fro
~15 MC ka BP, 8'3C values of G. bulloides at ~36°S become relatively lower than at ~46°S, similar to what
is observed today (Figure S2). In addition, between ~13 and 11 "*C ka BP (gray interval in Figure 2), values
at ~36°S appear to lag ~500-700 **C years behind the §'*C of G. bulloides at ~46°S.

B g
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In the SEP, the deglaciation is characterized by abrupt changes in surface water properties that have been
interpreted as a reorganization of water masses and fronts (e.g., Haddam et al., 2018; Kaiser et al., 2008;
Mohtadi et al., 2008), associated with the meridional migration of the SWW to the south and/or changes
in its distribution and intensity. The transition from higher to lower 8'3C at ~36°S (22SL) from ~16 to 14
14C ka BP (Figure 2d) is consistent with the migration of the SWW to the south at the beginning of the degla-
ciation (Denton et al., 2010; Mohtadi et al., 2008; Moreno et al., 1999) allowing the onset of seasonal
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Figure 2. Comparison of records in the South East Pacific with records in the Southern Ocean and Equatorial East Pacific
against ¢ age of planktic foraminifera, rather than calendar age. In order to do this, the 14¢ dates were interpolated
to obtain '“C estimates for the depths in which only 13¢ was measured. For depths where more than one planktic
foraminifera specie was dated, the mean at each depth was used as references for the interpolation. Rg estimates in

(a) Galapagos platform: core TR163-23 (0.41°S, 92.16°W, 2,730 m; Umling & Thunell, 2017), from tuning with Greenland
Ice Core Chronology GICCO05 and core GGC 43 (1°15.13'S, 89°41.07’S, 617 m; Bova et al., 2018); (b) the Southern Ocean,
from tephrochronology in core MD07-3088 in the South East Pacific sector (41°S, 74°W, 1,536 m; Siani et al., 2013; symbols
are the measured Rg while the black line corresponds to the interpolated values) and core MD97-2121 (40°22.935’S,
177°59.68'E, 2,314 m; Skinner et al., 2015) the South West Pacific sector; (c) the East Pacific margin, at ~32°S obtained
from paired mollusk shells and charcoal fragments from archeological sites near Los Vilos (Carré et al., 2015); in core CDH
26 (3°59.16’S, 81°18.52'W, 1,023 m; Bova et al., 2018) from tuning with EPICA Dome C and in core KNR176-GGC17/JP30
(5.02°N, 77.63°W, 707 m; Zhao & Keigwin, 2018) from wood-planktic foraminifera pairs. (d) G. bulloides s13¢ from
cores used in this study and core MD07-3088 (Siani et al., 2013), the lines correspond to smoothed 3-point moving averages
of the original data (small symbols). (¢) N. dutertrei 8'3C in the Equatorial East Pacific: core TR163-31 (3°37.2'S, 83°58'W,
3,210 m; Patrick & Thunell, 1997) and ODP site 1238 (1°52.2'S, 82°46.8'W, 2,203 m; Martinez-Boti et al., 2015)
compared with N. dutertrei 8"3C GeoB 7149-2; the lines correspond to smoothed 3-point moving averages of the original
data (small symbols). Gray interval: ~500 years lag between the 8"3C record at ~46°S and ~36°S discussed in the text.

upwelling at this latitude, thus establishing a situation similar to what is observed today (Figure S2). In
addition, between ~13 and 11.5 **C ka BP not only does 8"3C become relatively more depleted but also
radiocarbon dates of planktic foraminifera are consistently older at ~36°S than at ~46°S. These
observations are consistent with upwelling of older ESSW at 36°S between ~13 and 11.5 '*C ka.

To observe how the Rg of the ESSW endmember changed, we use a broad range of cores in the EEP either
with Rg assessments or stable isotope records. These cores are thought to record changes in the Equatorial
Undercurrent (EUC), which feeds the ESSW (Brink et al., 1983; Lukas, 1986; Toggweiler et al., 1991). The
comparison is based in measurements done on the deep-dwelling planktic foraminifera N. dutertrei, as they
are thought to represent the geochemistry of the EUC (Fairbanks et al., 1982; Spero & Lea, 2002). The
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observed lag between ~13 and 11.5 '*C ka BP (gray interval in Figure 2) implies Rg ages ~500-700 "*C years
older at ~36°S than at ~46°S under the assumption that the “W”-shaped trend in both & *C records should be
contemporaneous. When compared with other EEP records, the SO shows, in general, lower Rs values
(Figures 2a-2c). The higher Rg in the EEP is probably the result of the extremely '*C-depleted intermediate
waters observed in this area (Bova et al., 2018; Stott et al., 2009), which would be even older than contem-
poraneous deep waters upwelling in the SO (Figures 6 and S4).

Since there is a lot of uncertainty on how much these source areas influenced each of our sites, four age mod-

els, each assigning different R to planktic foraminifera '*C ages were built for each core accounting for four
possible scenarios: (a) Surface water from SAAW was advected north of 46°S reaching as far north as 31°S 2
throughout the considered period, and thus, Rg values from core MD07-3088 are applied to all studied cores;

(b) between ~13 and 11 '*C ka BP the upwelling of l4c. -depleted ESSW increases the Rg at ~36°S (22SL, GeoB ¢
7167-6, and GeoB 7162-6), and thus, equatorial Rg from core TR163-23 are assigned for this interval to cores
at ~36°S; (c) no changes occur in Rg, and thus, constant values, equivalent to the modern mean in the closest
latitude with available information (Merino-Campos et al., 2019), are assigned; (d) at ~31°S (Geob 7149-2) ¥
exclusively equatorial waters flow in the whole interval, and thus, for ages older than ~11 ka '*C BP, Rg from
core TR163-23 (~0°N) are assigned, and for ages younger, Rg ages from ~32°S are assigned (Carré et al.,
2015). See Table S2 for a summary.

Jt—uquauuuo// sduq) suoulpuo:)

After assigning the relevant Rg to each planktic foraminifera '*C age, the age models for each core were
generated using the Bacon algorithm (Blaauw & Christen, 2011). We then calculated the A'™C of
deep and intermediate waters following Adkins and Boyle's (1997) definition derived from Stuiver and
Polach (1977),

_14C age
e 8,033

A¥C = —1 | 1,000%0,

_cal age
e 8266

for each age model. The resulting A'*C values are presented in Figure 3 with their respective 1o and 2o
envelopes.

In addition, the simulated variation of A™C at each depth was obtained by a modern circulation model con-
strained by observations of temperature, salinity, CFC-11, and prebomb A'*C (DeVries, 2014). The model ¢
takes into account variations in the atmospheric '*C and CO, concentration using the gas exchange formu-
lation of DeVries and Primeau (2010; their equations B.6 and B.7). This formulation states that the gas
exchange piston velocity for AMC is proportional to the ratio of atmospheric pCO, to surface ocean DIC.
To a first approximation we assume a globally uniform surface ocean DIC that varies with pCO, according 3
to a buffer factor of 10 (i.e., a 10% change in atmospheric pCO, translates to a 1% change in DIC) in a modern %
oceanic circulation scenario. This model simulation thus approximates the expected A*C that would arise in %
a scenario of constant (modern) ocean circulation and gas exchange piston velocity matching the observed
modern A'™C relatively well at the core locations (Figure 3). For the model calculations, we used
atmospheric *C concentration from the IntCall3 curve (Reimer et al., 2013), and atmospheric pCO, from
ice core reconstructions (Marcott et al., 2014; Monnin et al., 2001), and air-sea piston velocity from the
OCMIP-2 protocol, reduced by 20% globally in light of recent estimates (Sweeney et al., 2007). Deviations
from the modeled A'C can be interpreted as arising from changes in ocean circulation, changes in air-sea
gas exchange due to changes in wind speed or sea ice cover, or from neglected sources and/or sinks of 14C
such as inputs of "*C-dead carbon from hydrothermal vents. The model displays a slight positive bias of
~25-30%o relative to the modern core-top A'™C values, which is likely due to the simplifications of the
air-sea gas exchange parameterization. This positive bias is corrected for when comparing the modeled
and observed variations in A'*C.

) aue sapgue VO !asn jo sa|nJ 1oy Aseaqry auljuQ ASJip uo (suogupuoa-pue SWII9}/Wod Aa||M

9sUddIT suowwo) aAnea.) ajgedijdde syy Aq p

5. Results

With the exception of age models using constant Rg (age model c), there is general agreement between the
different age models and derived A'C values (Figures 3 and S3). These age models represent the different
scenarios depicted in section 4 and the most likely Rg given our current knowledge of the area. For cores
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which takes into account a lag observed in the 8'*C records between ~36°S and ~46°S (Figure 2). Core 3
GeoB 7149-2 presents more variability among the different age models during the Holocene. However, as
described in section 4, Rg ages at ~31°S are probably lower than those for core MD07-3088, in agreement
with values estimated at ~32°S (Carré et al., 2015). Consequently, the discussion for core GeoB 7149-2 is

based on the results obtained with age model d.

N
(%]
~
N
AGU . 5
100 Paleoceanography and Paleoclimatology 10.1029/2019PA003613 g
o] 3
N
500 - 500 1 A S
4/ —*— GeoB7163-7 a,b 4 GeoB7167-6 a o g
1 —*— GeoB7163-7¢ GeoB7167-6 b 3o
| ] 29
300 4 300 | —©°—— GeoB7167-6 ¢ g %
| | 5o
2=
o 100 A o 100 A >
s | 3 1 N3
< < P
] ] ERG
=3
-1004 ~100 ag
g3
1 a d 2o
-300 @ ~a00] @ < o
0 2 4 6 8 10 12 14 16 18 20 22 0 2 4 6 8 10 12 14 16 18 20 22 ig
Age (cal ka BP) Age (cal ka BP) f»<° g'
0 =
500 500 sg
1 GeoB7162-6 a ——— GeoB7149-2 a S
GeoB7162-6 b ——— GeoB7149-2b % ‘;
300 1 ——— GeoB7162-6 ¢ 300 —*—— GeoB7149-2 ¢ o %
] —— GeoB7149-2d <
28
£ 1 £ a3
< 2 o
o 100 o 100 g
< < =S
8o
~100. -100 23
o N
| 3 g
==}
] b e =5
-300 (b) _3001 (e) 38
0 2 4 6 8 10 12 14 16 18 20 22 0 2 4 6 8 10 12 14 16 18 20 22 o:g
Age (cal ka BP) Age (cal ka BP) = §
5
500 4 IntCal 13 2 w
1 228La Oceanic circulation model estimate 6—\2’
1 —~ 22sLb S »
300 T 22SLc =3
- g2
_ g3
S 100 2%
£ ] %3
< c 7
-100 =
A4 g g
Q
= I
| (c) =30
-300 23
0 2 4 6 8 10 12 14 16 18 20 22 e 3
Age (cal ka BP) a ET
. 14 . R . . . . . R
Figure 3. A""C estimates for the cores in this study with their corresponding 1o (dark) and 2o (light) envelopes, which 5 2
= =
take into account errors in *C dating of benthic foraminifera and calendar ages estimates, from the different age 2 5
model scenarios discussed in the text: (a) Surface water from SAAW was advected north of 46°S reaching as far north as g n
31°S throughout all the considered period, and thus, the Rg from core MD07-3088 are applied to all studied cores; < i
(b) between ~13 and ~11 4cka BP, the upwelling of 14C—depleted ESSW increases the Rg at ~36°S (22SL, GeoB 71676, @ O
. . PR Q
GeoB 7162-6), and thus, equatorial Rg from core TR163-23 are assigned for this interval to cores at ~36°S; (c) no changes & I
occur in Rg, and thus, constant values, equivalent to the modern mean in the closest latitude with available % s
information (Merino-Campos et al., 2019), are assigned; (d) at ~31°S (Geob 7149-2) exclusively equatorial waters flow in 5!’5
the whole interval, and thus, for ages older than ~11 ka L4¢c BP, Rg from core TR163-23 (~0°N) are assigned, and for g o
ages younger, Rg ages from ~32°S are assigned (Carré et al., 2015). Also plotted are the atmOS{)heric A'C (black line, 5 %
Reimer et al., 2013), the modeled A'C ateach depth accounting for changes in atmospheric A 4Cand CO, (gray curves), e g
and the modern A*C from station P06-E11 (Kumamoto et al., 2011). g g
o9
3
30
g =}
o'W
at ~36°S, age models a and b yield virtually identical results, and the discussion is based on age model b, cS
gL
N
o
N
W
w
[0]
o
o
>
o
)
3
w
Q
=}
o

ARTINEZ FONTAINE ET AL.

2087



Arn g
AUV .
100 Paleoceanography and Paleoclimatology 10.1029/2019PA003613
Holocene Deglaciation LGM s : : : . 14, )
500 Additional information is provided by the modeled A™“C change at each &
—— GeoB 7163-7 (537 m) K o 14 >
] GeoB 7162-6 (798 m) depth (Figures 3 and 5), which is a reference on how the ~“C content of %
s00 | —— ézei;(;fg;_?(zoez m) the water would change accounting only for changes in atmospherlc%
| —— 3;003 7:«;&93_(21 233%86 )m) pCO, and its **C content. The modeled A*C is in general agreement with =
2 41— Incalts the modern data, with values ~20-30%o A'*C higher than the modern in §
S 100 1 all cores except from GeoB 7167-6, which presents a difference of ~50 %o E
i =}
< AYC (Figure 3). In order to better visualize how much of the obtained 53
m 1)
A™C in each core would not be accounted by changes in atmospheric =
=100 - pCO, and its 14¢C content, the difference between the A™C obtained w1th3
4

the selected age models and the modeled A'*C is also presented (Figure 5), £,
corrected by the difference between the modern modeled value and the%

-300 1 ; e R e - . - -
o 2 4 6 8 2 14 16 18 20 2 modern value (Figure S2). In Figure 5, a deviation from zero 1mp11es§

N

Age (cal ka BP) changes in oceanic circulation, in air-sea gas exchange (unrelated to &«

Figure 4. A14C variations in intermediate and deep waters in the South East geologic input of 14C dead CO.. Also, similar deviations from zero at the
Pacific since the Last Glacial Maximum, from cores in this study with their
corresponding 1o (dark) and 2o (light) envelopes, which take into account
errors in **C dating of benthic foraminifera and calendar ages estimates.

Also plotted are core MD07-3088, in the South East Pacific sector of the During the LGM, AMC records from all cores in the SEP are more depleted
Southern Ocean (Siani et al., 2013), the atmospheric AYC variation n

IntCal13 (black line, Reimer et al., 2013), and the modern AYC estimate 14
from station P06-E11 (~32°S) at each core depth (Kumamoto et al., 2011). the Holocene (Figure 4). The observed minus modeled A™C is predomi-

pCO, changes, which are already accounted for in the model) and/or :

ue-sw

different analyzed depths imply that the relative amount of **C between
them was similar to the modern.

in *C with respect to the contemporaneous atmosphere than they are i

nantly negative during the LGM (Figure 5), suggesting that the depleted
14C values result from slower ventilation or older reservoir ages, rather than from changes in atmospheric 3.
14C or pCO,. The variation of **C with depth is similar to the modern ocean above ~1,500 m (Figures 4
and 5) suggesting similar water column structures during the LGM and early Holocene (Figure 4), though &
with slightly more ventilated waters at ~540 m. Meanwhile, at ~2,000 m the only available data point is
the most depleted both compared with the atmosphere and the modeled values, in agreement with a broad
range of deepwater records (Figure 7). Unfortunately, there are no contemporaneous data points at ~1,500
and ~2,000 m for the glacial in the SEP; however, we can at least obtain the difference between the mean
values at each depth, which is ~66%. A'*C (Figure 4) whereas the modern difference is ~20%o A'*C. This dif-
ference also stands when comparing with the simulated A'*C values at each depth (Figure 5a), where waters
at ~2,000 m are ~25%o more depleted with respect to the simulated estimated than at ~1,500 m. The above
information suggests a more '*C-depleted and stratified deep glacial ocean, in particular below ~1,500 m.
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Between ~19 and 17 ka cal BP, the A'C signature of waters at ~1,000, ~1,500, and
stable offset from the modeled estimate (Figure 5). At ~540 m, however, AY™C values become rapidly more q
e depleted at ~19 ka cal BP, decreasing from a mean difference with waters at ~1,000 m of ~54%. AYC 3
in the LGM to ~29%o A'C in the early deglaciation (~17 ka Figure 4). Between ~16.5 and 14.8 ka cal BP,
intermediate waters at ~800 and ~1,000 m become more '*C depleted with respect to the atmosphere and &
model; meanwhile, waters at ~1,500 m become more ventilated, reaching similar values to those found at
~800 and ~1,000 m until ~14.8 ka cal BP (Figure 4). At ~800 m, waters reach an extremely *C depleted mini-
mum of ~460%o A'*C lower than the contemporary atmosphere and ~350%o A'*C lower than the modeled
estimate. Between ~18 ka cal BP and ~14 ka cal BP, the only data point available at deep waters at ~2,000
m remains as **C depleted from the model as during the LGM (Figure 5), with a difference from the contem-
porary atmosphere of approximately —380%. AA™C. At ~3,000 m, values are both more '“C enriched (~16 ka
cal BP) and more 14C depleted (~14 ka cal BP) than at ~2,000 m, and a decreasing trend is observed between
~16 and 14 ka cal BP, reaching a minimum of approximately —400%o, AA'*C at ~14 ka cal BP.
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Around ~14.5 ka cal BP, benthic foraminifer AC offsets from the model measured at water depths between
1,000 and 3,000 m briefly return to LGM values; waters at ~1,500 m are more poorly ventilated (larger offset), =
while waters at ~800 and ~1,000 m are better ventilated (smaller offsets). Between ~13.5 and 10.5 ka cal BP
intermediate waters at ~1,000 and 1,500 m return to a situation similar to what is observe between ~16.5 and
~14.5 ka cal BP, whereas deep waters at ~2,000 and ~3,000 m become rapidly ventilated at ~13 ka cal BP. In
particular, waters at ~2,000 m go from a AA 14C of —320%o at ~14 ka cal BP to —280%o at ~13.5 ka cal BP and
at ~3,000 m from —400%o AA *C at ~14 ka cal BP to —270 at ~13.3 ka cal BP. Between ~13.5 and 12.5 ka cal
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Figure 5. (a) Atmospheric pCO, from West Antarctic Ice Sheet Divide ice core (Marcott et al., 2014). (b) Deviation of the
- 14, . . . - .

obtained A""C, in cores in the South East Pacific, from the modeled estimate, corrected by the difference between the

modern modeled estimate and the modern natural A**C at each depth (Kumamoto et al., 2011). Also plotted are their

corresponding 1o (dark) and 2o (light) envelopes, which take into account errors in ¢ dating of benthic foraminifera and

calendar ages estimates and the error associated with the model.

BP, waters at ~2,000 m stay relatively well ventilated and at ~12.1 ka cal BP decrease its AA 4C in about
40%o; from there they become increasingly better ventilated until the end of the record around 9 ka cal
BP. At ~10 ka cal BP, all records with available information reach values similar to modern, and the
difference with the modeled estimates is close to zero.

6. Discussion

6.1. Last Glacial Maximum

The obtained A'*C data at ~2,000 m show a depletion from the contemporary atmosphere of approximately
—410%o (Figure 4), which agrees with a broad range of other deepwater records (Figure 6): approximately
—310%0 to —600%. in the SWP (Ronge et al., 2016; Sikes et al., 2016), approximately —400%. to —540%o. in
the SA (Skinner et al., 2010), approximately —370%o to —500%. in the NP (Galbraith et al., 2007; Rae
et al., 2014), and approximately —400%. to —480%. in the EEP (De la Fuente et al., 2015; Umling &
Thunell, 2017). These glacial deep ocean values show relatively larger depletion than modern data but not
as extremely '*C-depleted values as observed in the SWP and EPR, where '*C contents were between
approximately —900%. to —1,000%. lower than the contemporary atmosphere (Ronge et al., 2016).
Therefore, the new SEP *C data contribute to the idea that the widespread situation during the LGM
was a relatively "*C-depleted deep ocean with only localized extreme depletions. Above these depths, at
~1,500 m, values are ~66%o A'*C higher than the point at ~2,000 m, a difference three times higher than
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Figure 6. (a) A'™C variations in deep waters in the Pacific Ocean and South Atlantic along with the atmospheric aA'*c
variation IntCal13 (black line; Reimer et al., 2013). South West Pacific mean values at depths between 1,600-3,500 m
and deeper than 3,500 m (Sikes et al., 2016) together with cores described in (b), (c), and (d), which correspond to the
deviation of the A'*C in deeP waters from the modeled estimate, corrected by the difference between the modern modeled
estimate and the modern AC at each depth from GLODAPv2 (Key et al., 2015). (b) North Pacific: ODP887 (54.4°N,
148.5°W, 3,647 m; Galbraith et al., 2007), MD02-2489 (54.4°N, 149°W, 3,640 m, Rae et al., 2014); (c) Equatorial East
Pacific: ODP1240 (0°N, 86.5°W, 2,921 m; De la Fuente et al., 2015), TR163-23 (0.4°N, 92.2°W, 2,730 m; Umling & Thunell,
2017), and South East Pacific records GeoB 7167-6 and GeoB 7149-2 from this study. (d) South West Pacific

(Ronge et al., 2016): SO213-82-1 (45.8°S, 176.6°E), PS75/100-4 (45.8°S, 177.1°E, 2,498 m); SO213-76-2 (46.2°S, 178°E, 4,339
m), and South Atlantic (Skinner et al., 2010): MD07-3076 CQ (44°4.46’S, 14°12.47'W, 3,770 m).

modern (Figure 4). In contrast, the relative AY™C values at ~540, ~1,000, and ~1,500 m suggest a glacial
structure similar to the modern ocean (Figure 4), though with relatively more ventilated waters at ~540 m.

The observed structure is consistent with the idea of a more stratified deep glacial ocean (e.g., Burke &
Robinson, 2012; Ronge et al., 2016; Sikes et al., 2017) in which less ventilated deep waters and increased
carbon storage were associated to a stronger geochemical divide between middepth and deep waters
(Toggweiler, 1999). Different hypotheses have been called upon to explain the observed changes in the gla-
cial ocean (Adkins, 2013; Ferrari et al., 2014; Keeling & Stephens, 2001; Watson & Naveira Garabato, 2006).
These hypotheses have in common the importance of sea ice extension, controlling gas exchange between
deep waters and the atmosphere (Ferrari et al., 2014; Stephens & Keeling, 2000) and/or by modulating the
production and density of deep SO waters (Adkins, 2013; Keeling & Stephens, 2001; Watson & Naveira
Garabato, 2006). During the late glacial, freshening of surface waters in the SO would be diminished by
the presence of more extensive sea ice, blocking precipitation (Keeling & Stephens, 2001), and/or decreasing
sea ice melt water supply (Adkins, 2013; Keeling & Stephens, 2001). This, together with a colder water col-
umn, would result in production of denser deep waters in the SO (Adkins, 2013; Watson & Naveira
Garabato, 2006), where density would be salt, rather than temperature controlled, as observed in pore water
chloride (Adkins et al., 2002). This would decrease isopycnal mixing between southern sourced deep waters
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Flgure 7. AYC variations in intermediate waters in the Pacific Ocean and Drake Passage along with the atmospheric
A™C variation IntCal13 (black line, Reimer et al., 2013). (a) Records where no decreased ventilation is observed

during the deglaciation: KNR176-GGC17/JP30 (5.02°N, 77.63°W; Zhao & Keigwin, 2018); SO213-84-1 (45°123'S; 174°58’
E; Ronge et al., 2016); PS75/104-1 (44°77'S, 174°52'E; Ronge et al., 2016); CDH 23 (3°44 to 95’S, 81°08.05'W; Bova

et al., 2018). (b) Records interpreted as deeper convection of the AAIW during the deglaciation, as indicated in the text:
Corals in the Drake Passage (DP) between 318 and 816 m (Burdwood Bank; Burke & Robinson, 2012); MD07-3088
(46°S, 75°W; Siani et al., 2013); CDH 26 (3°59.16'S, 81°18.52'W; Bova et al., 2018).

and NADW, a mechanism that today helps ventilate the deep ocean (Adkins, 2013). Additionally, Ferrari
et al. (2014) proposed that the depth of the waters upwelling in the SO would be controlled by the latitude
at which the Antarctic divergence occurs, given by the zero-buoyancy boundary. This, in turn would be
bounded to the quasi permanent sea ice extent (Ferrari et al., 2014), which is thought to have extended
north during the LGM (Gersonde et al., 2005; Otto-Bliesner et al., 2007). When the zero buoyancy &
boundary moves northward along with sea ice, deep waters that were previously upwelling north of it,
thus forming intermediate waters, upwell south of it, forming deep and abyssal deep waters instead. This
would enhance carbon and nutrient trapping in the Southern Ocean (Primeau et al., 2013; Holzer et al.,
2014), further contributing to a buildup of respired carbon in an isolated Southern-sourced water mass in 3
the deep ocean. Ferrari et al. (2014) estimate that a northern extent of the quasi permanent sea ice would g
shoal the depth of the isopycnes upwelling in the divergence zone by ~500 m, consistent with findings in §
the Atlantic and Pacific Oceans (e.g., Sikes et al., 2017). This would have a double effect in the ventilation g 3
of the deep ocean. On the one hand, a larger proportion of the deep ocean would upwell south of the &
zero-buoyancy boundary under quasi permanent sea ice, where the extent of gas exchange with the 3 3
atmosphere is decreased (Stephens & Keeling, 2000). On the other hand, the shoaling of the upwelled 3
waters would additionally act to diminish the ventilation of abyssal waters since topography-driven 7
turbulent mixing across isopycnals is higher below the reach of seamounts and mid-ocean ridges, near
~2,000-m depth (Figure 1; Adkins, 2013; Ferrari et al., 2014) and waters below this depth would upwell to
the south of the divergence zone during the LGM. Additionally, it has been suggested that a northern
position of the SWW during the glacial would result in less upwelling of warmer waters, reinforcing the
development of the sea ice, thus working together with the previously described processes to develop the
isolated deepwater reservoir (Toggweiler et al., 2006).
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The high contrast in '*C content of waters at ~1,000, ~1,500, and ~2,000 m observed in the SEP, much higher
than today, with waters at ~2,000 m especially **C depleted, argues in favor of decreased mixing between
waters above and below this depth. The latter would result from decreased ventilation of the deep ocean
and a lesser contribution of deep waters in the formation of intermediate waters consisting with the
aforementioned glacial picture. However, the glacial information provided here is not able to distinguish
to what extent each of the previously described mechanisms is responsible.
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6.2. Deglaciation

The first change with respect to the ventilation of water masses in the SEP during the deglaciation is the
decreased ventilation of intermediate waters (Figures 4, 5, and 7). These changes begin before the deglacia-

tion, around ~19.5 ka cal BP, but become more rapid at ~18.5 ka cal BP at ~540 m, followed by a further

depletion at ~800 and ~1,000 m between ~16.5 and 14.5 ka cal BP, while waters at ~1,500 m become better @
ventilated during the same period. The homogenization of **C values in the water column in the SEP could
be explained by deeper convection of AAIW in the SO during the deglaciation, as proposed by Ronge et al.

(2015) in the SWP and Haddam (2016) in the SEP. In fact, a similar change to least ventilated intermediat
waters is observed in A™C in the East Pacific margin (Bova et al., 2018) and in the DP (Burke & Robinson,
2012) at depths bathed by southern sourced intermediate waters. Additionally, these changes are paralleled £, 3
by a shift to 813C enriched values between ~16.5 and 14 ka cal BP at ~1,500 m in the SEP (Siani et al., 2013) 2
and at ~1,200 m in the SWP (Sikes et al., 2016) and in the East Pacific margin at ~1,000 m (Bova et al., 2018),
which is consistent with increased presence of AAITW at these depths. Around this time, increasing ventila-

tion in deepwater records is also observed in the SA (Skinner et al., 2010), SWP (Ronge et al., 2016; Sikes Z
et al., 2016), EEP (De la Fuente et al., 2015; Umling & Thunell, 2017), and NP (Galbraith et al., 2007; Rae
et al., 2014), though not all records show the same trend and timing (Figure 6), maybe denoting local effects ¢
and/or inconsistencies in the chronologies of the records. Notably, no increase in ventilation is observed in
the SEP in deep waters at ~2,000 m; furthermore, at ~3,000 m even decreased ventilation is observed, a trend

@
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contrary to what is observed in most deep ocean records (Figure 6). Unfortunately, no data are available for
the whole interval at ~2,000 m to enable a thorough comparison with ~3,000 m waters. The origin of the
observed ventilation changes at ~3,000 m is puzzling; they might represent local processes such as reinvigo-
rated mixing of the deep ocean advecting stagnant **C-depleted deep waters to ~3,000 m or **C dead-CO,
injected directly from hydrothermal vents (Judd, 2003), which is likely to have happened due to the numer-
ous active ridges in the area (Beaulieu et al., 2013). Notably, the observed decrease is coeval with the decrease
in A™C of intermediate waters in the Galapagos platform (Figure S4), which is thought to be sourced in the
NP (Bova et al., 2018). However, this is not observed in deepwater records in the NP or EEP. Thus, the origin
for the observed trend remains unknown. A comparable situation is found in waters at ~800 m depth, where
one data point displays extremely “*C-depleted values. This situation is not observed in other southern
sourced intermediate waters but is similar to what has been observed in Baja California (Lindsay et al.,

2015; Marchitto et al., 2007). We have confidence in this value since the *C dating in this core was &
performed on the abundance peaks in an area with high sedimentation rates and the resulting value is much 4
larger than the 1o envelope in all age models (Figure 3). However, given the available information, it is §
difficult to interpret this particular data point, since a Southern Ocean seems unlikely. Nevertheless, the a
overall less ventilated and vertically expanded AAIW, together with a generally better ventilated deep ocean 2
between 16.5 and 14.5 ky cal BP, is consistent with an oceanic source for the observed steep decrease ing
atmospheric **C at this time (Broecker & Barker, 2007). The “*C records presented here further suggest 3

the '*C-depleted carbon was ventilated from depth in the Southern Ocean.
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At shallower intermediate depths (~540 m), we observe a steep decrease in the *C content earlier in the

deglaciation at ~18.5 ka cal BP, around the time of the initial increase in atmospheric pCO, in Antarctica
(Figure 5; Marcott et al., 2014). A possible explanation relating these observations is sea ice retreat allowing
deeper waters to be ventilated and feed the formation of AAIW, as proposed by Ferrari et al. (2014).
However, constraints on sea ice extent are very scarce and thus is not yet possible to draw any conclusions
on this matter. On the other hand, the decrease in the **C content at ~800 and ~1,000 m depth, associated
with the onset of the inferred deeper convection of AATW at ~16.5 ka cal BP, is consistent with increased
upwelling (Anderson et al., 2009; Siani et al., 2013) and surface water pCO, (Martinez-Boti et al., 2015) in
the SO. In addition, a migration of the SWW to the south has also been proposed during this time (e.g.,

Denton et al., 2010; Mohtadi et al., 2008; Moreno et al., 1999) and is inferred from the planktic §**C trends
in the SEP here presented, as depicted in section 4 (Figure 2). As previously stated, a southern position of the
SWW is proposed to increase upwelling of deep waters in the SO (Toggweiler et al., 2006), which might trans-
late to more AATW formation and sea ice retreat. Unfortunately, even in the modern ocean AATW formation
is not clearly understood (Bostock et al., 2013; McCartney, 1977; Piola & Gordon, 1989; Sloyan et al., 2010),
thus, the relation between these processes remains to be clarified. However, recent simulations indicate that
the recorded glacial-interglacial changes in carbon species (CO,, '*C, and '*C) in both the atmosphere and
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the ocean could be explained by intensification of the SWW resulting in more AABW and AATW production
(Menviel et al., 2018). An intensification of the SWW would result in steeper isopycnals, allowing AATW to
reach deeper depths near its formation zone, explaining higher A'*C values observed in core MD07-3088 and
in turn ventilating deeper waters, explaining lower A'*C at ~800 and ~1,000 m (Figure 4). Additionally,
according to the simulation by Menviel et al. (2018), this deeper convection could allow for an initial upwel- ¢
ling of low-alkalinity intermediate waters, which would be responsible for the observed abrupt CO, increase
in the atmosphere at ~16 ka cal BP.

The inferred deeper convection of AAIW is interrupted by a brief return to glacial conditions at the begin-
ning of the ACR, in which intermediate waters at ~800 and ~1,000 m become better ventilated and at 2
~1,500 m less ventilated. This return to a shallower AAIW is brief, and the homogenized 4 values are again =
observed between ~13.5 and 10.5 ka cal BP. A similar behavior is observed in sea surface pCO, in the SO ;
(Martinez-Boti et al., 2015), and both are consistent with the ventilation of deep waters in the SEP at
~2,000 and ~3,000 m. However, these changes are contrasted by constant atmospheric AY™C and pCO,

(Figures 4 and 5). The latter might be explained by problems in the chronology of the records, or it might

reflect that even if this process is taking place, it is not dominating the atmospheric signature.
Alternatively, from the comparison with deepwater records in Figure 6, it seems plausible that even if deeper

convection in the SO was occurring at this time, the larger part of the isolated deepwater reservoir would
have been already ventilated; thus, no important increase in atmospheric pCO, would have occurred.

1 Jt—uquau”uo// sduq) suoIpuod

The latter might seem inconsistent with the observed increased in atmospheric pCO, in ~30 ppm between
~13 and 11.5 ka cal BP. However, it has been proposed that this increase in atmospheric pCO, was related
to the outgassing in the EEP rather than in the SO (Bova et al.,, 2018; Martinez-Boti et al., 2015).
Extremely '*C-depleted records have been found in the EEP at intermediate water depths (Bova et al.,
2018; Stott et al., 2009) and in Baja California (Lindsay et al., 2015; Marchitto et al., 2007) during the degla-
ciation. Additionally, CO, outgassing in the EEP has been reconstructed by Martinez-Boti et al. (2015),
which is similar to the observed outgassing in the SO during Heinrich Stadial 1, but ~70 ppm higher during
the Younger Dryas (YD). This, together with increased upwelling in the EEP during the YD (Bova et al.,
2018), would result in the ventilation of the extremely “C-depleted intermediate waters and is proposed
to be an important contributor to the observed rise in pCO2 (Bova et al., 2018; Martinez-Boti et al., 2015).
In addition, simulations indicating the SWW as an important factor in atmospheric pCO, increase during
the deglaciation only account for ~40 ppm (Menviel et al., 2018; Toggweiler et al., 2006).
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Finally, around ~10 ka cal BP the available '*C data indicate the establishment of the current structure,

homogeneous deep waters below ~1,500 m, and better ventilated waters above, reaching similar values to &
Q

the modeled A'™C (Figures 4 and 5). The divergence of values at ~1,000 and ~1,500 m with the onset of 3

the Holocene could be interpreted as the end of the conditions that were favoring the deeper convection ‘g

of the AATW.

S

7. Conclusions

The SEP benthic radiocarbon records presented in this study indicate a deepening of AAIW convection dur-
ing the beginning of the last deglaciation (Haddam, 2016; Ronge et al., 2015). These changes could spur the
ventilation of glacial carbon-rich deep waters, contributing to the observed ~40 ppm increase in atmospheric
pCO, during Heinrich Stadial 1 (Menviel et al., 2018; Toggweiler et al., 2006). This finding of enhanced con-
vection associated with the release of CO, through Southern Ocean water masses is consistent with numer-
ous other studies (e.g., Anderson et al., 2009; Bostock et al., 2013; Sloyan et al., 2010), further solidifying this
interpretation. The mechanisms for the enhanced convection of AATW at the beginning of the deglaciation
are a subject of debate but could be related to changes in the southern hemisphere westerly winds (e.g.,
Chiang et al., 2014), perhaps associated with declining Antarctic sea ice extent (Keeling & Stephens, 2001).

During the Younger-Drays period (~13-11 ka cal BP) atmospheric pCO, increased by ~30 ppm, but our
radiocarbon records suggest a relatively stable pattern of ventilation in the SEP. This suggests that the SO
was not the pivotal region for ventilating the second pulse of CO, to the atmosphere. Instead, other regions
such as the EEP may have provided the conduit for these old waters to the atmosphere, as supported by
several radiocarbon records (Stott et al., 2009; Bova et al., 2018; Martinez-Boti et al., 2015).
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We observe similarities between our records and those from the EEP (Bova et al., 2018; Stott et al, 2008) both
in intermediate and deep waters (Figure S4) that suggest EEP dynamics impact conditions on the Chilean
Margin as far south as 46°S and therefore further afield than generally thought. However, the complexi ty
of EEP dynamics, compounded by problems in core chronologies, makes it difficult to draw definitive
conclusions on links between the two regions. Future work toward a greater understanding of the interplay 3
between the EEP and SEP is therefore necessary, particularly given that both regions likely play an
important role in regulating carbon release from the deep ocean to the atmosphere.
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