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Abstract A common conception of the deep ocean during ice age episodes is that the upper
circulation cell in the Atlantic was shoaled at the Last Glacial Maximum compared to today, and that this
configuration facilitated enhanced carbon storage in the deep ocean, contributing to glacial CO, draw-
down. Here, we test this notion in the far South Atlantic, investigating changes in glacial circulation
structure using paired neodymium and benthic carbon isotope measurements from International Ocean
Discovery Program Site U1479, at 2,615 m water depth in the Cape Basin. We infer changes in circulation
structure across the last glacial cycle by aligning our site with other existing carbon and neodymium
isotope records from the Cape Basin, examining vertical isotope gradients, while determining the relative
timing of inferred circulation changes at different depths. We find that Site U1479 had the most negative
neodymium isotopic composition across the last glacial cycle among the analyzed sites, indicating that
this depth was most strongly influenced by North Atlantic Deep Water (NADW) in both interglacial and
glacial intervals. This observation precludes a hypothesized dramatic shoaling of NADW above ~2,000 m.
Our evidence, however, indicates greater stratification between mid-depth and abyssal sites throughout
the last glacial cycle, conditions that developed in Marine Isotope Stage 5. These conditions still may
have contributed to glacial carbon storage in the deep ocean, despite little change in the mid-depth ocean
structure.

1. Introduction

The modern global ocean overturning circulation has a “figure-eight” structure (Talley, 2013). Deep water
formed in the North Atlantic (North Atlantic Deep Water; NADW) is sufficiently dense that it upwells in a
region of the Southern Ocean where surface flow is southward, and it therefore becomes a source for newly
forming Antarctic Bottom Water (AABW). Antarctic Bottom Water is the densest water in the ocean, and it
flows northward into the deep Atlantic, Pacific, and Indian ocean basins. The portion of AABW that flows
into the Atlantic Ocean diffusively upwells into NADW and returns to the Southern Ocean. It is only after
flowing into the Pacific or Indian Oceans that AABW can diffusively mix to form water masses (Pacific or
Indian Deep Water; PDW/IDW) that are sufficiently low density such that they upwell in a region of the
Southern Ocean where surface flow is northward, finally transforming into shallow Antarctic Intermedi-
ate Water (AAIW) that can close the circulation loop through northward flow in the Atlantic (Figure 2a)
(Talley, 2013).

Some deep ocean tracers suggest that this ocean circulation was fundamentally different during the Last
Glacial Maximum (LGM; ~22-18 ka), with a shoaled version of NADW, a “two-cell” circulation structure
(Figure 2d), and increased stratification between the two cells (Adkins, 2013; Curry & Oppo, 2005; Ferrari
et al., 2014; Lund et al., 2011). In this context, we define “shoaling” as an elevation in the depth of the main
core of NADW and a reduction in the amount of NADW in the abyssal ocean. The two-cell circulation
configuration has the potential to store more carbon in the deep ocean, particularly if the depth of the
isopycnal separating the upper and lower circulation cells shoals above the depth of the mid-ocean ridges
(~2,000 m) into a region with reduced vertical mixing; consequently, this altered deep ocean geometry is a
commonly cited mechanism by which the ocean circulation contributed to glacial CO, draw-down. Much of
the evidence for a two-cell LGM circulation structure comes from carbon isotope measurements recorded in
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benthic foraminifera. Recently, however, some authors have re-examined the LGM circulation configuration
by including additional paleo-circulation proxies, such as neodymium isotopes and the air-sea component
of 813C. While there are uncertainties and complications associated with most paleo proxies (Gu et al., 2020;
Oppo et al., 2018), some of these recent studies have questioned the canonical shoaled LGM circulation,
arguing instead that the glacial ocean had a similar structure to the modern, with very minor changes in
the core depth of NADW (Gebbie, 2014; Howe et al., 2016; Oppo et al., 2018; Poppelmeier et al., 2020) and
significant amounts of NADW in the deep ocean (Howe et al., 2016; Péppelmeier et al., 2020).

Carbon and neodymium isotope ratios are two commonly used paleoceanographic water mass proxies that
have been used to examine ocean circulation structure at the LGM and across glacial cycles of the Late
Pleistocene. Neodymium (Nd) isotope ratios have been described as “quasi-conservative” in the deep and
intermediate ocean (Frank, 2002; Goldstein & Hemming, 2003, and references therein), meaning that they
generally approximate water mass mixing within the global overturning circulation away from endmember
source regions. Nd isotopic ratios in rocks of different ages vary due to the alpha-decay of ¥’Sm to **Nd,
with a half-life of 106 Ga, and the average Sm/Nd ratio experienced by the Nd over geologic time. The
Nd isotopic composition of the major water mass endmembers is set by erosion and weathering of sur-
rounding continents (with inputs at the surface and the sediment-water interface), which have different
isotopic compositions that reflect the amount of time the Nd has been in the continental crust (Goldstein &
O'Nions, 1981; Goldstein et al., 1984; Jeandel et al., 2007; Piepgras et al., 1979; Robinson et al., 2021; van de
Flierdt et al., 2016). The Nd isotopic composition, eNd, is defined as (Rsmp/RCHUR — 1) x 10,000, where R is
143Nd/*Nd and CHUR refers to “Chondritic Uniform Reservoir,” a proxy for the modern bulk earth com-
position; this study uses a *3Nd/**Nd ratio of 0.512638 (Jacobsen & Wasserburg, 1980). Archean and Pro-
terozoic terrains in northern Canada and Greenland have very negative eNd values, driving seawater in the
North Atlantic toward negative values of —13 to —14 (Lambelet et al., 2016). Young volcanic rocks around
the Pacific have positive eNd values, imparting less negative isotopic values of —3 to —4 to deep water in
the Pacific (Amakawa et al., 2004, 2009; Behrens et al., 2018; Frollje et al., 2016; Haley et al., 2014; Pahnke
et al., 2012; Piepgras & Jacobsen, 1988; Shimizu et al., 1994; Vance et al., 2004; Wu, 2019; Zimmermann
et al., 2009). Southern Ocean waters have intermediate éNd values of —8 to —11, largely reflecting mixing
between the North Atlantic and North Pacific endmembers (Garcia-Solsona et al., 2014; Stichel et al., 2012).

Carbon isotopes are non-conservative, reflecting partitioning between organic and inorganic carbon phases.
Biological production at the ocean surface leaves the 5!*C of inorganic carbon at higher values and reminer-
alization in the subsurface drives the 8'*C of inorganic carbon to lower values (Eide et al., 2017). However,
differences in source water and deep water formation mechanisms for northern (NADW) versus south-
ern-sourced (AATW/AABW) water masses lead to different §'*C values upon formation, allowing this tracer
to function as a paleo water mass proxy (e.g., Curry et al., 1988; Oppo & Fairbanks, 1987). NADW is sourced
from low-latitude surface waters, which are fully depleted of nutrients (and therefore high in §'3C). In con-
trast, source waters for AATW and AABW do not spend enough time at the surface for biological production
to exhaust their nutrients, and, accordingly, these water masses form with much lower §*C than NADW.
Over time, deep water 8'3C values decrease as organic matter from the surface is respired; furthermore,
shifts in the intensity and location of gas exchange can impart a non-negligible “thermodynamic” stamp
on interior ocean 8'3C values. Thus, §'*C can be used to reconstruct the relative mixing fraction of northern
and southern sourced waters only if one assumes similar deep water formation mechanisms in the past,
relatively small changes in circulation rate, and minimal complications from gas exchange.

In the Cape Basin, Nd isotopes track mixing between NADW, which primarily enters the basin from the
north across the Walvis Ridge, and Southern Ocean water masses (AABW, Upper and Lower Circumpolar
Deep Water—U/LCDW, AAIW), which have larger mixing fractions of water derived from the Pacific (Ar-
han et al., 2003; Bower et al., 2019; Garzoli et al., 2015; Kersalé et al., 2019; Orsi et al., 1999; Stramma &
England, 1999) (Figure 1b). Mixing analyses using Nd isotopes by Garcia-Solsona et al. (2014) and Rahlf
et al. (2019) indicate that NADW mixes conservatively with circumpolar deep waters in this region.

In the modern Cape Basin, the core of NADW is located along the South African margin at around 2,500 m
water depth, very close to the depth of Site U1479 (Figures 1b and 1c; marked in blue in Figure 2b). ODP
Sites 1087 and 1088 (at 1,372 and 2,082 m, respectively) are also somewhat influenced by NADW, sitting just
above the core of this water mass. Water returning from the Pacific Ocean (PDW) becomes UCDW upon
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Figure 1. Modern hydrography of the Cape Basin. (a) Map of the Cape Basin with sections (red for eNd and salinity and orange for §'3C) and core locations
marked (same symbols as b, ¢, and d). Idealized flow path of North Atlantic Deep Water and Antarctic Bottom Water also marked (blue and red, respectively).
(b) eNd section from the BONUS GoodHope IPY-GEOTRACES cruise to the Southeast Atlantic (red in Panel a) (Garcia-Solsona et al., 2014), compiled in the
GEOTRACES Intermediate Data Product (Schlitzer et al., 2018) with contours of Neutral Density in white. (c) §'3C section (orange in Panel a) from GLODAPv2
(Olsen et al., 2016) with contours of Neutral Density in white. (d) Salinity section (red in Panel a) with contours of Neutral Density in white. Arrows next to the
symbol for Site 1,087 in Panels b, c, and d indicate the depth of the core, which is slightly off the section. More detailed information for the cores is in Table 1.
Figure was made using the Ocean Data View Software (Schlitzer, 2021).

entering the Southern Ocean, shallower and further to the south than NADW (marked in red in schematic
Figure 2). The deepest sites in the Cape Basin (RC11-83 and TN057-21 at 4,718 and 4,981 m, respectively)
are bathed in a mixture of AABW and LCDW (Figure 1). Therefore, in the modern Cape Basin, the vertical
eNd structure recorded by cores 1087, 1088, U1479, RC11-83, and TN057-21 (Figure 2c) has intermediate
eNd values at the shallowest sites (1087, 1088), the most negative eNd values at Site U1479, and the least
negative values at the deep sites RC11-83 and TN057-21.

If the ocean had a “two-cell” circulation structure at the LGM (Figure 2d) (Adkins, 2013; Curry &
Oppo, 2005; Ferrari et al., 2014; Lund et al., 2011), this hypothetical arrangement would likely switch the
relative positions of NADW and UCDW in the LGM Cape Basin, converting them into glacial North At-
lantic Intermediate Water (GNAIW) and Glacial Lower Circumpolar Deep Water (GLCDW), respectively
(Figure 2e). This would increase the relative influence of NADW/GNAIW at the shallower Cape Basin sites
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Figure 2. Hypothetical changes in eNd vertical structure in the Cape Basin between the Last Glacial Maximum (LGM) and Modern ocean. (a) Modern figure-
eight ocean circulation structure schematic (adapted from Talley, 2013). Water masses represented are: North Atlantic Deep Water (NADW) (green), Antarctic
Bottom Water (blue), Pacific or Indian Deep Water (red), and AAIW (yellow). (b) Schematic section through the Cape Basin (adapted from Figure 1) showing

the relative positions of NADW (blue) and UCDW (red). (c) Schematic fraction of NADW (£

of cores 1087, 1088,

Apw) @ a depth profile based on panel B, showing the positions
U1479, RC11-83 and TN057-21 (symbols corresponding to labeled section). (d) LGM two-cell ocean circulation schematic (adapted from

Ferrari et al., 2014 and following the same color scheme as in Panel a). (e) Schematic section through the Cape Basin (as in Panel b) showing hypothesized
relative positions of NADW (now glacial North Atlantic Intermediate Water, blue) and UCDW (now Glacial Lower Circumpolar Deep Water, red) at the LGM.

f

(f) Schematic f, o,

depth profile through the Cape Basin at the LGM based on hypothetical water mass arrangement in panel (e).

(1087 and 1088) and reduce its influence at Site U1479. The hypothesized two-cell circulation also implies
that the feed waters for the formation of AABW have a larger fraction of water returning from the Indo-Pa-
cific (Figure 2d). This would change the LGM vertical eNd and 8'3C structure, such that Sites 1087 and 1088
record the most negative eNd values and most positive 8'3C, followed by Site U1479, and sites RC11-83 and
TNO057-21 (Figure 2f).

In this paper, we use both neodymium and carbon isotopes in concert to assess the evidence for the canon-
ical LGM “two-cell” circulation structure in the Cape Basin—in other words, testing the hypothesis posed
in Figure 2. We take advantage of previously published eNd and 8!*C records from other depths in this area
(Figure 1), and with the addition of our new record from International Ocean Discovery Program (IODP)
Site U1479 in the core of modern NADW, we provide key constraints on water mass structure over the last
glacial cycle.

2. Methods
2.1. Site Description

IODP Expedition 361 “Southern African Climates” cored six sites along the margin of southeastern Africa
that trace the path of the Agulhas current system. Site U1479 is located in the Cape Basin on the slope of
the Greater Agulhas Bank, beyond the modern Agulhas Retroflection and in the direct path of the Agulhas
Leakage (2,615 m water depth, 35.059°S, 17.401°E) (Hall et al., 2017). The spliced composite record for this
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site is 323 m CCSF with a shipboard derived age model based average sedimentation rate of ~5 cm/kyr (Hall
et al., 2017).

2.2. Stable Isotope Analyses

Stable isotopes were measured on a single morphotype of the epibenthic foraminifer Cibicidoides wueller-
storfi picked from the >150 um size fraction of sediment at 5 cm intervals. Carbon and oxygen isotopes were
measured on a Thermo MAT 253 mass spectrometer equipped with a Kiel IV carbonate preparation device
at Scripps Institution of Oceanography. Long-term analytical reproducibility was 0.06%o. for 8'80 and 0.04%o
for 813C 10, based on ~250 repeated measurements of the NBS-19 carbonate standard. Isotope ratios are
reported relative to the Vienna Pee Dee Belemnite standard.

2.3. Neodymium Isotope Analyses

Neodymium isotopes were measured on carbonates from the 63 to 150 wm size fraction of the bulk sedi-
ment. Site U1479 has relatively high carbonate (the upper 6.5 m CCSF, equivalent to the last 165 kyr, has
an average carbonate content of 64 wt. %), and this sieve fraction primarily consists of small foraminifera
and foraminifera fragments. Each Nd isotope measurement was done on approximately 50-70 mg of this
foraminifera fraction. Residual clays were removed using established methodology for measurement of Nd
isotopes on foraminifera (Palmer & Elderfield, 1985; Roberts et al., 2010), and samples were dissolved in
3M acetic acid. Biogenic carbonates contain organic carbon that serves as templating material for biominer-
alization that can interfere with column chromatography and effect mass fractionation during inductively
coupled plasma (ICP) mass spectrometry. To oxidize this residual organic matter: samples were re-dissolved
in 1 mL of 50% aqua regia (made with double distilled HNO, and HCI), refluxed at 150°C for a minimum
of 4 h and dried down, then re-dissolved again in 1 mL of double distilled concentrated HNO,, refluxed
at 150°C for a minimum of 4 h, dried down, and finally re-dissolved in 500 uL of 1N HNO, for column
chemistry. Nd was separated from other elements following established methodology: rare earth elements
(REEs) were separated using Eichrom TRU resin (100-150 pum mesh) loaded in 250 uL Teflon microvolume
columns, and then Nd was separated from other REEs using Eichrom LN resin (50-100 um mesh) loaded
into calibrated 5 mL Teflon columns.

Nd concentrations before and after column chemistry were determined by measurement on a VG PQ ExCell
quadrupole ICP-MS. The Nd isotopic composition was measured on a ThermoScientific Neptune-PLUS
multicollector (MC) ICP-MS at the Lamont-Doherty Earth Observatory of Columbia University using either
H + standard or X + Jet cones and equipped with either an ESI Apex IR or a Cetac Aridus 3 desolvating
nebulizer. Instrument stability was determined by monitoring the reproducibility of the JNdi-1 Nd isotope
standard (i.e., intermediate error), and it was typically between 0.2 and 0.3 eNd units. Sample **Nd/*Nd
values were corrected using an exponential mass fractionation law to “Nd/*Nd = 0.7219, using concen-
tration matched, mass-bias corrected bracketing JNdi-1 standards (Tanaka et al., 2000). Sample uncertain-
ties are reported as the 2o standard deviation of the JNdi-1 standards run during that measurement session,
accounting for any long-term drift in the measurement ratio, and they range from 0.13 to 0.41 eNd units.
Additional information about analytical quality assurance is provided in the Supporting Information S1.

2.4. Site U1479 Core Chronology and Stratigraphic Correlation of Other Cape Basin Records

The goal of using the new eNd and 8'*C data with previously published records from other depths in the
Cape Basin (see Table 1) requires relatively precise stratigraphic correlation (<a few thousand years). To
achieve this correlation, we have used the benthic §'%0 data from sediment core MD02-2588, collected
from the southwestern flank of the Agulhas Plateau, as a regional benchmark tuning target because of
its high resolution and temporal extent (covering the past ~350 kyr) (Ziegler et al., 2013). We graphically
tuned the benthic §'®0 records from all the Cape Basin sites to this benchmark in the depth domain. For
Site U1479, which is at a very similar water depth to MD02-2588 (2,625 m vs. 2,907 m, respectively), we
also assume that it lies on the same isopycnal surface as MD02-2588 (see Figure 1) and should therefore
have the same benthic %0 composition within analytical error (+0.1%o). Once all cores were aligned, we
applied an age model that combines the extensive “C chronology from site TN057-21 (Barker et al., 2010)
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Table 1
Locations of Cores Used in This Study
Core name Water depth (m) Latitude (°N) Longitude (°E) Reference
ODP 1087 1,372 —31.465 15.311 (Hu et al., 2016; Pierre et al., 2001)
ODP 1088 2,082 —41.136 13.563 (Hodell et al., 2003; Hu et al., 2016)
U1479 2,615 —35.055 17.401 This Study
MD02-2588 2,907 —41.332 25.828 (Ziegler et al., 2013)
TNO057-6 3,751 —42.873 8.973 (Hartman, 2015; Hodell et al., 2003)
ODP 1089 4,621 —40.937 9.894 (Charles et al., 2010)
RC11-83 4,718 —41.600 9.800 (Charles et al., 1996; Piotrowski et al., 2005)
TNO057-21 4,981 —41.133 7.817 (Barker et al., 2010; Ninnemann &

Charles, 2002; Piotrowski et al., 2005)

for the upper ~40 ka of the record, with the EDC-tuned chronology of the deeper section of the MD02-2588
record (Ziegler et al., 2013). The resulting chronology is primarily for convenient external reference—it is
the relative stratigraphic correlation among cores that is most important for our purposes here. Stable iso-
tope data for all cores except TN057-21 and RC11-83 covers the interval from 0 to 350 kyr, eNd data for Sites
U1479, 1087, and 1088 covers the interval from 0 to 150 kyr, and eNd data from Sites TN057-21 and RC11-83
are combined to make a single composite record from 0 to 100 kyr (Piotrowski et al., 2005). Sedimentation
rates range from almost 20 cm/kyr at Site RC11-83, ~15 cm/kyr at Sites TN057-21 and 1089, 5 cm/kyr at
Site U1479, 3.4 cm/kyr at Site MDO02-2588, 2.3 cm/kyr at Site 1087, and 1 cm/kyr at Site 1088. Sampling res-
olutions for these cores range from ~300-year at Site MD02-2588 and for the combined RC11-83/TN057-21
record, ~450-year for Site 1089, 1000-year for Site U1479, and ~2000-year for Sites 1087 and 1088.

To examine changes in water mass structure over time, we used these chronologically aligned records to
calculate vertical carbon and neodymium isotope gradients. First, all carbon and neodymium isotope re-
cords were interpolated at 500-year resolution to a common age vector, then data were smoothed with a
butterworth lowpass filter to remove high-frequency variability. Error on this smoothed fit was estimated
using a Monte Carlo method, applying 500-year age errors, 0.1%. 8'3C errors, and 0.2 epsilon unit eNd er-
rors. Error envelope is the 20 standard deviation of all Monte Carlo iterations at each timestep. Cores were
grouped according to depth and smoothed records within each depth group were averaged, where Sites
1087 and 1088 constitute the “intermediate depth” records (1,372-2,082 m), Sites U1479 and MD02-2588
constitute the “mid-depth” records (2,615-2,907 m), and Sites 1089, RC11-83, and TN057-21 constitute the
“deep” records (4,618-4,981 m). Finally, vertical gradients were calculated by subtracting these averaged
groups from one another.

3. Results
3.1. Site U1479 :Nd and Stable Isotopes

Benthic oxygen isotopes at Site U1479 show clear variation over the past 350 kyr (Figure 3a). Average 5'%0
values were 2.93%o. for the Holocene, 2.95%o during Stage 5e, and 4.60%o at the LGM (Figure 4a). Carbon
isotopes also show variations across the major marine isotope stages, but variability across MIS 5 substag-
es is not as pronounced. Average §'3C values were 0.72%. during the Holocene and —0.03%o at the LGM,
although the carbon isotope minimum preceded the LGM by around 10 kyr, with a minimum of around
—0.16%o at 30 ka (Figure 4c). Aside from some millennial-scale variability, carbon isotope values were near-
ly constant during all of MIS 5 at a value of approximately 0.41%o (+0.2%0 1o standard deviation), perhaps
increasing slightly between MIS 5e and 5a. Carbon isotope values fell to near-30 ka values during MIS 4 then
rose to around 0.25%o. in early MIS 3. At both Terminations 1 and 2, 8'3C increases lead 80 decreases by
thousands of years (Figure 4).

The co-registered neodymium isotope variations at Site U1479 closely follow carbon isotope variations
(R? = 0.54, p < 0.001 based on correlating the raw, non-interpolated data). The eNd record also shows
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Figure 3. Alignment of Cape Basin records. (a) Site U1479 age model based on alignment with MD02-2588. Shading
behind points represents +0.1%. agreement criterion for records assumed to share an isopycnal. (b) Stratigraphic
alignment of all Cape Basin records to MD02-2588. Inverted triangles mark tie points.

maximum values that precedes the LGM, small variability across the MIS 5 substages, and glacial termina-
tions for MIS 6 and 2 that start earlier and are of longer duration than the 8'®0 record (Figure 4b). Average
eNd values are —10.56 (+0.18 1o standard deviation) during the Holocene and —8.68 (+0.20 1o standard
deviation) at the LGM, with maximum of —7.92 at 25 ka. Nd isotope values during MIS 3 are around —10.03
(£0.18 1o standard deviation) at ~50 ka, around —8.93 (+0.25 1o standard deviation) at ~64 ka during MIS
4, and around —10.52 (+0.32 1o standard deviation) at ~77 ka in MIS 5a. There is little eNd variability dur-
ing MIS 5, with values slightly decreasing across this interval from around —9.8 during MIS 5e to around
—10.8 at MIS 5c and 5a. As is seen in the carbon isotope record, the eNd decrease across Termination 2 is
much more gradual and starts earlier (around 143 ka) than the oxygen isotope decrease, which begins at
~135 ka. These temporal offsets cannot be attributed to age model uncertainties, since the carbon, oxygen
and neodymium isotopes are measured on different size fractions of the same samples.

4. Discussion

4.1. Cape Basin Vertical Neodymium and Carbon Isotope Structure Over the Last 150 kyr

Neodymium isotope records from all Cape Basin cores show similar trends across the past 160 kyr (Fig-
ure 5); during warm isotope stages (MIS 1, 3, 5) eNd values are more negative, and during cold isotope stages
(MIS 2, 4, 6) eNd values are less negative. Nd isotope values are the most negative during the Holocene (MIS
1), and there is relatively little eNd variation during MIS 5, (for Sites U1479, 1087 and 1088, which go back
that far). Site U1479, at 2,615 m water depth, which sits in the core of NADW in the modern Cape Basin
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Figure 4. Site U1479 eNd and stable isotopes over the last 150 kyr. Stable oxygen (a) and carbon (c) isotopes measured
on Cibicidoides wullerstorfi benthic foraminifera. (b) eNd measured on carbonate from the 65 to 150 pm sieve fraction
of sediment. eNd and §'3C data were interpolated at 500-year resolution and smoothed with a lowpass filter (lines and
error envelopes, see Section 2.5). Note reversed scale for 30 and eNd. Bar at the top marks the marine isotope stages
and substages over this time interval (Lisiecki & Raymo, 2005; Railsback et al., 2015).

(Figures 1b and 1c), has the most negative eNd values throughout this entire interval (Figure 5d). This sug-
gests that NADW (or its glacial analogue) did not shoal more than ~500 m over the last glacial cycle—if it
had, measured eNd values at Site 1088 should have been more negative than U1479 (as in Figures 2d-2f,
Table 1).

Carbon isotope fluctuations are also generally consistent across all depths in the Cape Basin over the last
glacial cycle, and they largely follow eNd values (Figure 5e). Carbon isotopes are high in the Holocene,
lower during cold stages (MIS 2, 4, 6) and high in past warm stages (MIS 3 and 5). In most cores, 5!*C values
are not as high during MIS 3 as during MIS 5, and, while there is some variation during the MIS 5 substag-
es, 5e is not prominently higher in 8'3C than the other MIS 5 substages. As has been discussed previously
(e.g., Hodell et al., 2003), 3'3C shifts during cold stages are largest in the deep Cape Basin. At the deepest
sites, ODP 1089 and RC11-83 (4,621 and 4,981 m, respectively), values rise from around —1%. at the LGM
to around +0.2%. during the Holocene. On the other hand, the shallowest cores (ODP 1087 and 1088, at
1,372 and 2,082 m, respectively) show very little change from LGM to Holocene—ODP 1087 essentially has
no LGM to Holocene change and ODP 1088 rises from around 0.3 to 0.5%o.. Site U1479 and the other inter-
mediate depth site MD02-2588 (2,615 and 2,907 m, respectively), show intermediate changes from around
0%o at the LGM to 0.6%0 during the Holocene. In contrast to eNd, 83C for Site U1479 is not offset toward
heavier values compared to shallower sites. This contrasting vertical structure for §'3C is likely at least partly
a product of air-sea gas exchange given that the '3C of modern DIC in the 1,000-2,000 m water depth range
is significantly (~0.5%0) elevated above expectations from nutrient concentrations alone.

Vertical eNd and 8'3C gradients provide information about the broader water column structure in the Cape
Basin, and can help elucidate the mechanisms driving shifts in both tracers across the last glacial cycle
(Figure 5). There are no secular trends in the vertical eNd or 3'3C gradients over this time period, but there
are short-term variations (~10-20 kyr timescale). Intermediate (1087 and 1088) to mid-depth (U1479) eNd
gradients are around 1 eNd unit, and deep to mid-depth eNd gradients are around 2 ¢Nd units. Deep to
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mid-depth 83C gradients vary around 0.8%., with a maximum value of 1%. and a minimum of 0.4%.. In-
termediate to mid-depth gradients for 8'3C are not plotted because carbon isotope values for Sites 1087 and
1088 are nearly constant over the last glacial cycle (Figure 5e), and, therefore, the gradients are simply a
mirror of the U1479 record itself (these gradients are included in Figure S3 in Supporting Information).

The gradients reveal two distinct water column structures (Figures 5a and 5b) that appear at various times
across the last glacial cycle. The first is similar to the modern (Figure 5a), where intermediate to mid-depth
gradients are approximately equal to deep to mid-depth gradients. This structure is present in the mid-Hol-
ocene and at the MIS 4/3 transition, marked in pink below Figures 5f and 5g. The other configuration ap-
proaches what has been proposed for the LGM, with smaller intermediate to mid-depth gradients and larger
mid to deep gradients (Figure 5b), indicating a reduction in northern-sourced water at depth and a relative
increase in the upper water column. Unlike some conceptions of glacial water mass structure, our data in-
dicate that the core of NADW does not shoal when intermediate to mid and mid to deep gradients change.
Periods with small intermediate to mid gradients (for eNd) are marked with diagonally hatched bars below
Figures 5f and 5g, and those with large mid to deep gradients are marked with gray bars. This structure first
appears late in MIS 5 and persists through much of the glacial, especially at the MIS 5/4, and 3/2 transitions,
but as noted is broken by the modern-like structure at the MIS 4/3 transition.

4.2. Circulation Changes Over the Last Glacial Cycle

The ocean circulation structure that was originally inferred from carbon isotopes, with NADW shoaled
above 2,000 m in the Atlantic (Curry & Oppo, 2005; Ferrari et al., 2014), is quite different from the structure
implied by Nd isotope measurements in the Cape Basin, with Nd isotope shifts recorded throughout the
water column. This potentially indicates a change in endmember value rather than a dramatic change in
the vertical water mass structure (Howe et al., 2016; Poppelmeier et al., 2020; Zhao et al., 2019). Overall,
our new data are consistent with previous Nd isotope data and updated carbon isotope compilations (Oppo
et al., 2018), supporting a more modest change in vertical structure.

The 83C and eNd data contoured in depth and time (Figure 6) make the water mass dynamics in the Cape
Basin more apparent. Pink, gray, and diagonally hatched bars in Figure 6 are the same as in Figure 5, in-
dicating a “modern” (pink) or “glacial” water column structure, with increased mid to deep stratification
(gray) and decreased intermediate to mid-depth stratification (hatched). At around 100 ka (when the deep
eNd record begins), increases in deep stratification are driven by changes at depth toward increased eNd
values and decreased §'*C values. This time period coincides with the early stages of glacial inception,
characterized by decreased temperatures and increased sea ice extent around Antarctica (Figure 5c). About
20 kyr later, approaching the MIS 5/4 transition, the same glacial structure is observed, this time driven by
changes throughout the water column (seen especially in Figure 6c). The return to a modern-like water col-
umn structure at the MIS 4/3 transition is also driven by changes throughout the water column, coinciding
with a modest increase in temperature and sea level (Figure 5c). Through the rest of MIS 3 into MIS 2, eNd
and 8'3C shifts start in the deep Cape Basin then progress to shallower depths (Figure 6).

The relative timing of shallow, mid-depth, and abyssal shifts in carbon and neodymium isotopes provide
information about the potential mechanisms of change across the last glacial cycle. Abyssal water in the
Cape Basin is sourced from a mixture of Weddell Sea Bottom Water and Lower Circumpolar Deep Water
(Orsi et al., 1999). Increases in sea ice extent in the latter part of MIS 5 could have contributed to water

Figure 5. Compiled Cape Basin ¢éNd and 8'3C data with schematic water column profiles and global climate data. (a) A schematic “modern” profile, where

gradient between intermediate and mid-
gradient between intermediate and mid-

depth is approximately equal to gradient between mid-depth and deep. (b) A schematic “glacial” profile, with reduced
depth and increased gradient between mid-depth and deep. (c) Global climate data including Antarctic temperature

difference from the modern (gray) (Parrenin et al., 2013), relative sea level (blue) (Grant et al., 2012), and EDC sea-salt sodium (ssNa), where high values are a
proxy for increased sea ice extent (red, inverted axis) (Wolff et al., 2006). (d) Cape Basin eéNd data from Sites 1087 and 1088 (Hu et al., 2016), Site U1479 (This
Study), TN057-6 (Hartman, 2015), and the combined RC11-83/TN057-21 record (Piotrowski et al., 2005). (e) 8'*C data from cores ODP 1087 and 1088 (Hu

et al., 2016), U1479 (This Study), MD02-2588 (Ziegler et al., 2013), TN057-6 (Hodell et al., 2003), ODP 1089 (Charles et al., 2010), RC11-83 (Charles et al., 1996),
and TN057-21 (Ninnemann & Charles, 2002). Lines in d and e show data smoothed with a lowpass filter. (f) Vertical eNd gradients between intermediate (1087
and 1088) and mid-depth (U1479) is shown in the dashed line and mid-depth (U1479) to deep (RC11-83/TN057-21) is shown in the solid line. (g) Vertical

813C gradient between deep (1089, RC11-83, TN057-21) and mid-depth (MD02-2588 and U1479). See Section 2.5 for information on data smoothing and the

calculation of vertical isotope gradients.
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Figure 6. £Nd (a), 8°C (b), AeNd (c) and AS"3C (d) in the Cape Basin over the last 165,000 years. Panels ¢ and d show deviations from late Holocene values
(0-6 kyr). Pink, gray, and diagonally hatched bars correspond with Figures 5f and 5g. The pink bar indicates a water column structure similar to the modern,
the gray bar indicates an increased gradient between the mid-depth and deep sites, and the hatched bar indicates reduced stratifica- tion between the
intermediate and mid-depth sites. In panels ¢ and d, white contours mark the zero line. White boxes cover regions that are not adequately constrained by data.

mass restructuring at this time (Figure 5c) (Wolff et al., 2006). Buoyancy fluxes associated with sea ice
production and melt play a primary role in Southern Ocean circulation (Abernathey et al., 2016; Pellichero
et al., 2018), and changes in sea ice extent can potentially influence the basin-wide organization of water
masses (Ferrari et al., 2014). While we do not see evidence for a dramatic shoaling of NADW at any time
over the last glacial cycle, increased mid to deep gradients in eNd and 8'*C could indicate the presence of
more southern-sourced deep water, potentially with a larger contribution from the Pacific (as was observed
at the LGM by Yu et al., 2020). Increased sea ice can also influence §'3C values through its influence on the
regional extent of air-sea gas exchange (Broecker & Maier-Reimer, 1992; Lynch-Stieglitz & Fairbanks, 1994;
Lynch-Stieglitz et al., 1995; Marchitto & Broecker, 2006).

At the MIS 5/4 and 4/3 transitions, as well as in MIS 2, neodymium and carbon isotope shifts occur through-
out the water column, indicating that both Northern and Southern Hemispheric processes are contributing
to the observed water mass reorganization. Since, mid-depth waters recorded by Site U1479 appear to be
influenced by NADW throughout the last glacial cycle, this site should provide information about North-
ern Hemispheric contributions to observed changes. The deepest sites, which are primarily influenced by
southern-sourced water masses, provide information about Southern Hemispheric contributions. Sea ice
changes may have played a role in deep Cape Basin eNd and 8'3C shifts during this time, although sea-salt
sodium (ssNa, a proxy for sea ice extent) records show less variability at this time compared to late MIS 5
(Figure 5¢) (Wolff et al., 2006). For the mid-depth site U1479, eNd variability may have also been influenced
by changes in the NADW eNd endmember, which a recent study has suggested to be sensitive to the extent
of land ice cover (Zhao et al., 2019) (Figure 5c), especially over the northeastern Canada cratons character-
ized by the most negative eNd values (Batchelor et al., 2019; Robinson et al., 2021).
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Figure 7. Termination 1 8'3C and eNd records from across the Atlantic. (a) Map of core locations with red dots marking North Atlantic cores (Howe

et al., 2016; Lang et al., 2016; Pppelmeier et al., 2018, Poppelmeier, Blaser et al., 2019; Roberts et al., 2010; Zhao et al., 2019), blue squares marking Brazil
Margin cores (Lund et al., 2015; Poppelmeier, Gutjahr et al., 2019) and green triangles marking Cape Basin cores (Charles et al., 1996, 2010; Hartman, 2015;
Hodell et al., 2003; Hu et al., 2016; Ninnemann & Charles, 2002; Pierre et al., 2001; Piotrowski et al., 2005; this study). Plots of eNd (b-d) and §'*C (e-g) from
the North Atlantic, Brazil Margin, and Cape Basin, left to right.

4.3. The Effects of North Atlantic and Pacific Endmember Changes on Reconstructed eNd

Changes in the relative mixture of North Atlantic and Pacific-derived water will influence eNd values,
but shifts can also arise from changes in endmember composition. Measurements from across the Pacific
over the last glacial cycle and beyond indicate relatively constant eNd values (Abouchami et al., 1997; Hu
& Piotrowski, 2018), but evidence for changes in the North Atlantic endmember is still equivocal (Fos-
ter et al., 2007; Kim et al., 2021; Poppelmeier et al., 2021; van de Flierdt et al., 2006; Zhao et al., 2019).
High-resolution sediment core data from the past ~100 kyr indicate that the NADW endmember changed
(Lang et al., 2016; Poppelmeier et al., 2021; Zhao et al., 2019), while Fe-Mn crust and deep-sea coral data
suggest that NADW values were constant. However, limited sampling resolution due to low Fe-Mn crust
accumulation rates (Foster et al., 2007) and discontinuous fossil coral sample availability (van de Flierdt
et al., 2006) make NADW endmember temporal evolution challenging to explicitly determine. Data from
three depth transects spanning the Atlantic over Termination 1 (Figures 7b-7d) indicate that LGM eNd
values were higher throughout the water column, with only modest changes in vertical structure (Howe
etal., 2016; Lang et al., 2016; Poppelmeier et al., 2018; Poppelmeier, Blaser et al., 2019; Péppelmeier, Gutjahr
et al., 2019; Roberts et al., 2010; Zhao et al., 2019). The North Atlantic transect in particular has a similar
vertical water column structure at the LGM compared to the modern, with the lowest glacial éNd values
around 3,000 m (Zhao et al., 2019), at the same time all eNd values are shifted toward higher values than
today, which may indicate a higher eNd endmember value for NADW at the LGM.

We can quantitatively assess the impact of changing endmember eNd values by per-forming a mixing
calculation:

R x [N, ~ R x [,
Ry  ([Nd], = [Na],) - Ry x[Na],, + Ry, x [Na],

Jnabw =

¢y

where “f,, " is the fraction of NADW, “R” is the *Nd/**Nd, [Nd] is the neodymium concentration, and
the subscripts “P” and “N” refer to PDW and NADW, respectively. Although we apply a binary mixing calcu-
lation here, we acknowledge that Southern Ocean sourced waters may also play a role in setting eNd values

in the Cape Basin. However, given our inability to deconvolve more than two endmembers with a single
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Figure 8. Revised circulation schematic for the Cape Basin over the last glacial cycle. (a) Water mass distribution

in the Cape Basin in the Modern and at the MIS 4/3 transition. (b) Water mass distribution in the Cape Basin at the
Last Glacial Maximum, the MIS 5/4 transition and in late MIS 5. (c) North Atlantic Deep Water (NADW) fraction

at each core site for the Modern ocean using seawater endmembers (solid line) and coretop endmembers from (Hu

& Piotrowski, 2018) and (Zhao et al., 2019) (dashed line). (d) NADW fraction (vs. PDW) at each core site at the Last
Glacial Maximum using constant endmembers (purple squares) or variable endmembers from (Hu & Piotrowski, 2018)
and (Zhao et al., 2019) (red stars). Modern f, . profile also included for comparison (blue). Error bars on f, .. are
smaller than the points.

isotope system, and the many additional assumptions that would be required to incorporate 8'*C along with
eNd into the mixing calculation, examining mixing between NADW and PDW at the LGM is an appropriate
and informative simplification.

In the modern ocean, the NADW fraction can be calculated either by using seawater eNd values (Figure 8c
solid line) or sediment coretop values (Figure 8c dashed line). North Atlantic coretops are between —13 and
—14, with values of —13.4 at 3,426 m water depth (Lang et al., 2016), —13.2 at 2,475 m water depth (Howe
et al., 2016), and —14 at 1,820 m water depth (Zhao et al., 2019). They closely match seawater values from
similar depths, which also range from —13 to —14 (Lambelet et al., 2016). We use a North Atlantic coretop
value of —14 from KNR198-GGC35/CDH36/MC37 at 1,820 m water depth (Zhao et al., 2019). This site is
in the upper part of modern NADW, but would remain in NADW even if this water mass shoaled at the
LGM. Using values from deeper sites would not change our results. In the Pacific, a core-top eéNd value of
—3 is estimated from an average of equatorial Pacific Sites ODP 846 and V28-239 (Hu & Piotrowski, 2018).
For modern PDW, there is no consensus eNd value—North Pacific seawater data cluster around —3 to —4,
although measurements range from —6 to —0.7 (Amakawa et al., 2004, 2009; Behrens et al., 2018; Frollje
et al., 2016; Haley et al., 2014; Pahnke et al., 2012; Piepgras & Jacobsen, 1988; Shimizu et al., 1994; Vance
et al., 2004; Wu, 2019; Zimmermann et al., 2009). Modern [Nd] are 17.5 pmol/kg for the NADW endmember
and 35 pmol/kg for the PDW endmember (e.g., Howe et al., 2016).

If we use the sediment core eNd values of —11 for NADW at the LGM (Howe et al., 2016; Lang et al., 2016;
Zhao et al., 2019) and —3 for PDW at the LGM (Hu & Piotrowski, 2018) and their respective coretop eNd
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values for the modern (—14 and —3, respectively), with no change in Nd concentration for either endmem-
ber (since there is currently no proxy for reconstructing [Nd] in the past), we find that the NADW fraction
increases slightly at shallow Site 1087 (although within error), is approximately the same for Sites 1088 and
U1479, and decreases at the combined deepest site when comparing the LGM to the modern (Figure 8d,
red stars). The largest signal is a decrease in f, .., at the deepest site (—11%). There is a very small increase
in £,y is at Site 1087 (+3%), but Site U1479 still is the f, , maximum (f, ,,, = 84%). If the endmembers
are assumed constant at their modern values, then the f decreases throughout the water column in the

at Site U1479 (Figure 8d, purple squares).

NADW
Cape Basin, still with the maximum f,

Regardless of whether or not the North Atlantic eNd endmember changed at the LGM, we do not find
evidence for a significant shoaling of the core of NADW (the eNd value of Site U1479 is always more nega-
tive than shallower Sites 1087 and 1088). There are changes in the Cape Basin vertical structure, however,
with slightly more NADW in the upper water column and significantly less in the deep (Figures 6 and 8).
Using the B/Ca proxy for carbonate ion, Yu et al. (2020) also found evidence for a greater fraction of Pacif-
ic-sourced water in the deep Cape Basin. While they argue that this results from a shoaling of NADW, which
our data do not support, we similarly do find evidence for a larger fraction of PDW relative to NADW at deep
Sites RC11-83/TN057-21.

Greater separation between the circulation cells could be one way to reconcile a larger fraction of Pacif-
ic-derived water in the abyssal Cape Basin in the absence of significant shoaling of NADW. This is broadly
consistent with the results of (Sun et al., 2018), who show only a ~250 m shoaling of the boundary between
the upper and lower cells, despite increases in AABW density and a greater separation between the circula-
tion cells. Glacial PDW (“GPDW” in Figure 8b) seems to exert a greater influence on the abyssal sites, which
today are bathed in a combination of LCDW and AABW, rather than the intermediate depth sites, as in the
modern ocean.

Finally, the relative strength of advective transport versus diffusive transport may be important for explain-
ing how the core of NADW remained close to its modern depth at the LGM. Isopycnal diffusivity is very im-
portant for mixing tracer signals along isopycnal surfaces, and it is strongly affected by eddy activity (which
in turn is affected by wind strength). Where advection dominates, that is, at or near the core of NADW,
changes in isopycnal diffusivity—which might be expected as a result of changes in westerly wind strength
(Abernathey & Ferreira, 2015; Jones & Abernathey, 2019, 2021)—would have a negligible impact on recon-
structed signals. Away from the advective maximum, that is, at Sites 1087, 1088, and the combined RC11-
83/TN057-21 site, glacial-interglacial changes in isopycnal diffusivity, driven by changes in wind strength,
could have a much larger impact, increasing their NADW fractions (Figure 8d).

5. Conclusions

We have presented a high-resolution neodymium and stable isotope record over the last glacial cycle from
IODP Site U1479 in the Cape Basin. At 2,615 m water depth on the South African continental margin, Site
U1479 sits at the modern core of North Atlantic Deep Water, and is therefore ideally situated to monitor this
water mass over the last glacial cycle. Nd isotopes measured at Site U1479 show strong fluctuations across
the last glacial cycle, with less negative eNd values during the cold marine isotope stages (MIS 2,4,6) and
more negative eNd values during warm marine isotope stages (MIS 1,3,5). Nd isotopes show very similar
patterns to co-registered §'*C measurements from the core, with light carbon isotopes associated with less
negative eNd values.

The large number of existing neodymium and carbon isotope records from the Cape Basin allows us to
examine water column structural changes over the last glacial cycle by calculating vertical isotope gra-
dients. Site U1479 has most negative eNd values and the maximum NADW influence over the whole last
glacial cycle, precluding a shoaling of the NADW core depth by more than ~500 m (the difference in depth
between U1479 and the next shallower site 1088). Additionally, we find that the glacial water column was
characterized by increased stratification between the mid-depth and deep and decreased stratification be-
tween the intermediate and mid-depths. This glacial circulation structure first emerged in late MIS 5. At the
MIS 4/3 transition, the Cape Basin briefly returned to a modern-like circulation structure, but shifts in the
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deep ocean increased deep stratification during MIS 3, and upper ocean circulation changes in late MIS 3
and MIS 2 contributed to a return to the full glacial circulation geometry at this time.

A quantitative Nd-based water mass mixing analysis for the Cape Basin confirms our interpretation based
on vertical isotope gradients, and indicates relatively modest changes in vertical circulation structure at the
LGM. Site U1479 at 2,615 m remained the {, maximum during the LGM (as it is today), there were in-

NADW
creases in the f, - at intermediate depth Sites 1087 and 1088, and a slight f, decrease at the abyssal site

NADW
RC11-83/TN057-21. This pattern could be influenced by wind-driven changes in isopycnal mixing, which

increased NADW fractions for the intermediate depth sites, and sea-ice driven increases in the separation
between the upper and lower circulation cells, even without NADW shoaling appreciably. This increased
stratification and separation between the circulation cells that we observe in the deep Cape Basin could
have contributed to increased carbon storage in the deep ocean during the last glacial cycle, despite only
modest changes in inferred NADW core depth.

Data Availability Statement

All data presented here are included in supplementary tables and are available in the NOAA/WDS Paleo
Archive (https://www.ncei.noaa.gov/access/paleo-search/study/34432). Data from other Cape Basin cores
used in this study can be found in Barker et al. (2010), Charles et al. (1996, 2010), Hartman (2015), Hodell
et al. (2003), Hu et al. (2016), Pierre et al. (2001), Piotrowski et al. (2005), Ninnemann and Charles (2002),
and Ziegler et al. (2013). Other data used in Figure 1 come from GLODAPv2 (Olsen et al., 2016) and the GE-
OTRACES Intermediate Data Product (Schlitzer et al., 2018). In Figure 7 other data from the North Atlantic
can be found in Howe et al. (2016), Lang et al. (2016), Poppelmeier et al. (2018, 2019a), Roberts et al. (2010),
and Zhao et al. (2019) and from the Brazil Margin can be found in Lund et al. (2015) and P&ppelmeier,
Gutjahr et al. (2019).
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