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The Mid-Pleistocene transition (MPT; 1200 to 800 thousand years, kyr) is marked by the shift from 41-
kyr to 100-kyr interglacial-glacial cyclicity without substantial change in the astronomical forcing. This
change in climate response relied on internal feedback processes including interaction between ice
sheet/sea ice, ocean circulation and the carbon cycle. It was suggested that a major perturbation of global
oceanic carbon chemistry occurred at around 900 ka (Marine Isotope Stage, MIS, 24e22) although the
mechanism responsible for the change is still to be elucidated. To investigate the link between the
Atlantic Meridional Overturning Circulation (AMOC) and oceanic carbon storage for the past 1100 kyr, we
combined neodymium isotopic composition (143Nd/144Nd or εNd) recorded in foraminiferal authigenic
fractions with epibenthic foraminiferal d13C and d18O from two cores in the North- and South-east
Atlantic Ocean. Glacial/interglacial εNd amplitude is smaller before the 900-ka event than after the
event. The 900-ka event is marked by increase in seawater εNd at both sites. These observations are
consistent with previous studies, suggesting basin-wide εNd changes. Combined with existing data, these
new results reveal a persistent meridional gradient of seawater εNd in the Atlantic Ocean over the past
1100 kyr. By comparing the reconstructions with numerical modelling results, we propose that weaker
AMOC and changes in Nd sources to the North Atlantic were the main reasons for the observed εNd shift
at the 900-ka event in relation to the evolution of the Northern hemisphere cryosphere. The influence of
enhanced Southern Ocean overturning circulation on εNd values was estimated to be minor. Seawater εNd
and benthic d13C relationship for the whole study period indicates the presence of carbon-rich glacial
deep water (>3000 m) in the North and the South Atlantic, in particular at MIS 22 and 24. This suggests
that, in addition to weaker AMOC, reduction of deep-water ventilation and/or air-sea exchange in the
Southern Ocean could have been responsible for the observed low benthic d13C values. Together with
increased biological productivity due to iron fertilization in the Southern Ocean, the physical process
significantly contributed to the deep Atlantic carbon storage during the 900-ka event and the subsequent
glacial periods.
1. Introduction

The Mid-Pleistocene transition (MPT; 1200 to 800 thousand
years, kyr) is marked by an intensification of glacial/interglacial
amplitude and a shift of climate cycle from 41 kyr to 100 kyr (Clark
et al., 2006; Chalk et al., 2017). Since the observed changes cannot
be explained by variation in solar insolation alone, internal feed-
back processes should have played a key role. The Atlantic Merid-
ional Overturning Circulation (AMOC) is defined as zonally
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integrated surface and deep currents in the Atlantic, and consid-
ered to have contributed to such feedback processes (Clark et al., 
2006; Pena and Goldstein, 2014; Lear et al., 2016; Farmer et al., 
2019).

Several hypotheses have been proposed to explain the origin of 
the MPT and it is generally accepted that ice sheet dynamics played 
a fundamental role. Progressive glacial erosion of regolith led to the 
exposure of hard bedrock, increased the basal stability of ice sheets, 
and allowed the growth of thicker ice sheets (regolith hypothesis; 
Clark et al., 2006; Clark and Pollard, 1998; Tabor and Poulsen, 2016). 
Thicker ice sheets contributed to gradual global cooling across the 
MPT by intensification of atmospheric circulation because of 
enhanced latitudinal temperature gradient and active upwelling 
(Ford et al., 2016; McClymont et al., 2013; Snyder, 2016). Global 
glacial sea surface cooling, in turn, promoted the climate feedbacks 
via activation of sea-ice switch (Gildor and Tziperman, 2000). 
Moreover, the transition from the 40 kyr to the 100 kyr world was 
accompanied by a decline in minimum atmospheric CO2 concen-
trations during glacial maxima (Yan et al., 2019) although available 
reconstructions of atmospheric CO2 are still at low temporal reso-
lution (Chalk et al., 2017; Dyez et al., 2018; Higgins et al., 2015; 
Ho€nisch et al., 2009). Recently, a combination of ice sheet stabili-
zation with atmospheric CO2 reduction via biological carbon 
pumping was proposed to be fundamental to explain the changes 
observed across the MPT (Chalk et al., 2017; Willeit et al., 2019).

In addition to biological carbon pumping, ocean dynamics affect 
marine carbon storage. Significant changes in ocean circulation 
over the MPT were suggested by benthic foraminiferal d13C records 
(Hodell et al., 2003a; Raymo et al., 1990, 1997, 2004; Venz and 
Hodell, 2002). A decrease in glacial benthic d13C values in the 
Atlantic at the onset of the MPT was interpreted as a weaker for-
mation of North Atlantic Deep Water (NADW) (Raymo et al., 1990), 
stronger influence of Circumpolar Deep Water (CDW) (Raymo et al., 
2004) and/or stagnant ventilation in the deep water of the South-
ern Ocean (Hodell et al., 2003a). In particular, the 900-ka event 
(Marine Isotope Stages, MIS, 24 to 22) is characterised by very low 
d13C values in the North and South Atlantic (Hodell et al., 2003a; 
Raymo et al., 1997) and by an increase in nutrient content and 
corrosivity of Atlantic waters deeper than 3000 m (Farmer et al., 
2019; Lear et al., 2016). The origin of the negative d13C excursion 
and its potential link with deep water circulation, cryosphere 
evolution and carbon cycle still require clarification.

Seawater Nd isotopic composition (143Nd/144Nd or εNd) recorded 
in authigenic fractions associated with foraminiferal tests provided 
new constraints on circulation changes. Previous studies measured 
foraminiferal εNd values on three cores from the Southeast Atlantic 
Ocean to evaluate the relative proportion of northern source water 
(NSW) and southern source water (SSW) over the MPT (Farmer 
et al., 2019; Pena and Goldstein, 2014). Based on foraminiferal εNd 
values, a major reduction of NSW proportion was estimated in the 
Southeast Atlantic between MIS 25 and MIS 21 (Farmer et al., 2019; 
Pena and Goldstein, 2014). This finding has shed light on the state 
of the AMOC across the MPT but it is based on records having 
limited spatial coverage (the white stars in Fig. 1a and b). Moreover, 
the observed lower NSW proportion could be produced by either 
weakening of NADW formation or enhanced deep water formation 
in the Southern Ocean although physical mechanisms are different 
(Farmer et al., 2019).

In this study, we present new foraminiferal εNd records from the 
Northeast (core MD03-2705; 18�060N, 21�090W, 3085 m water 
depth) and Southeast Atlantic (Ocean Drilling Program, ODP, Site 
1085; 29�220S, 13�590E, 1713 m water depth) over the past 1100 kyr. 
Epibenthic foraminifera, Cibicidoides wuellerstorfi, d13C and d18O 
data were also acquired at ODP Site 1085. Since the location of core
MD03-2705 is under the influence of Saharan dust supplies
(Skonieczny et al., 2019 and references therein), some cleaning tests
were conducted to examine the fidelity of foraminiferal εNd values
as a tracer of water mass provenance. ODP Site 1085 is located in
the southern Benguela region that might be affected by the past
migrations of the upwelling centre (Wefer et al., 1998). To assess the
potential influence of local productivity on benthic foraminiferal
d13C record, authigenic uranium (U) precipitated on foraminiferal
tests (Boiteau et al., 2012; Lear et al., 2016) was analysed for ODP
Site 1085 samples.

We aim at clarifying reasons for seawater εNd variability and
possible link to the ocean carbon cycle. A PANDORA 10-box model
calibrated with modern Nd compilation (Tachikawa et al., 2017) is
used to examine different scenarios affecting seawater εNd distri-
bution. Then, the combination of foraminiferal εNd with
C. wuellerstorfi d13C allows distinguishing changes in water mass
mixing from ventilation changes, and consequent storage of
respired carbon in the ocean.
2. Modern intermediate and deep-water circulation in the
eastern Atlantic Ocean

The water mass structure in the modern eastern Atlantic Ocean
is recognised by a latitudinal salinity transect (Fig. 1). NADW flows
southwards in the western Atlantic and bifurcates at around 10�N
and at the equator, then enters the eastern basin (the orange arrows
in Fig. 1a). The main branch of NADW continues to flow in the
western Atlantic and deflects eastwards at approximately 40�S
(Larqu�e et al., 1997) (Fig. 1a). The core of salty NADW is found at
2000e3000 m water depth in the Northeast Atlantic (Fig. 1b).
NADW intersects northward flowing Upper and Lower CDW
(UCDW and LCDW with the light and dark green arrows, respec-
tively in Fig. 1a) characterised by lower salinity (Fig. 1b). CDW is
formed by mixing of NADW, Indian deep water, Pacific deep water
as well as locally formed dense waters (Weddell and Ross deep
waters; Talley, 2013). The properties of UCDW and LCDW are
modified during the northward trajectory by mixing with under-
lying or overlaying NADW. LCDW occupies essentially the deep
Cape Basin (Fig. 1c) at water depths deeper than 3500 m (Dickson
et al., 2008). The lower part of LCDW is mixed with the upper
part of Antarctic Bottom Water (AABW, the black arrow in Fig. 1a)
(Orsi et al., 1999). AABW is formed by brine rejection during sea ice
formation in polynyas and in sea ice zone or by super-cooling of ice
shelf water beneath the Antarctic ice shelves (Krueger et al., 2012).
AABW entering the Atlantic basin is already mixed into LCDW in
the Scotia Sea (Naveira Garabato et al., 2002). Another southern
source water mass is Antarctic Intermediate Water (AAIW) that is
marked by the lowest salinity along the section, flowing northward
at 700e1000 m water depths (Fig. 1b).

According to the temperature-salinity diagram and the proper-
ties of the different water masses defined by Larqu�e et al. (1997),
core MD03-2705 location is currently bathed in NADW whereas
ODP Site 1085 is influenced by LCDW and NADW (Fig. 1c).
3. Materials and methods

3.1. Core material

CoreMD03-2705was retrieved on a seamount about 500 km off
the Mauritanian coast in the eastern tropical Atlantic (Fig. 1a) to
avoid laterally transported sediment accumulation by bottom cur-
rents and massive contribution of river sediments. The core is
composed of biogenic carbonates (foraminifera and coccoliths) and
terrigenous fractionmainly consisting of Saharan dust (Jullien et al.,



Fig. 1. Map and salinity transect showing the core locations of this study and previous studies. a) Atlantic Ocean map with the core locations of this study (yellow stars): MD03-2705
(18�060N, 21�090W, 3085 m) and ODP Site 1085 (29�220S, 13�590E, 1713 m). The white stars indicate sites where paired seawater εNd and C. wuellerstorfi d13C data were reported: ODP
Site 1088 (41�8.160S, 13�33.770E, 2082 mwater depth), ODP Site 1090 (42�54.820S, 8�53.980E, 3702 mwater depth), ODP Site 1267 (28�5.90S, 1�42.70E, 4355 mwater depth). The black
dots present the sites where strongly depleted benthic foraminiferal d13C are observed during glacial periods prior to 900 ka: GeoB1211-3 (24�290S, 7�320E, 4084 m water depth:
Bickert and Wefer, 1996; Bickert et al., 2003), ODP Site 704 (46�530S, 7�250E, 2532 m water depth: Hodell and Venz, 1992). Note that site GeoB1211-3 is outside of Nambian up-
welling, therefore depleted pore water d13C influence on benthic foraminiferal stable isotopes is negligible (Bickert and Wefer, 1999). The black cross shows ODP Site 982 (57�310S,
15�520E, 1145 m water depth: Hodell and Channell, 2016) where ice rafted material is recorded across the 900-ka event. The coloured arrows indicate flow patterns of different
water masses under the modern condition. NADW ¼ North Atlantic Deep Water, UCDW and LCDW ¼ Upper or Lower Circumpolar Deep Water, AABW ¼ Antarctic Bottom Water. b)
Salinity transect along the red line in a) with the major water masses. Salinity data are from Antonov et al. (2010) and the symbols as for a). c) Potential temperature and salinity
diagram of the present-day eastern Atlantic waters (right panel) based on Electronic Atlas of WOCE Data (https://www.ewoce.org/) at sites indicated on the left panel. The grey
squares show the source water type characteristics for NADW, UCDW and LCDW (Larqu�e et al., 1997). Figures are visualized using the software Ocean Data View (ODV) (Schlitzer,
2015). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
2007). Chronostratigraphy is based on 14C dating of planktonic
foraminifera, benthic foraminiferal d18O tuned to the benthic LR04
stack (Lisiecki and Raymo 2005) and the paleomagnetic record
(Jullien et al., 2007; Malaiz�e et al., 2012; Skonieczny et al., 2019).
The mean sedimentation rate is 3e4 cm/kyr, and the epibenthic
C. wuellerstorfi d13C record is available (Malaiz�e et al., 2012).

ODP Site 1085, drilled during Leg 175, is located in the Cape
Basin in the Southeast Atlantic Ocean (Fig. 1). The site is offshore of
the present-day centre of coastal Benguela upwelling, and fila-
ments of cold and nutrient-rich waters can occasionally reach to
the surface water overlying the core site (Wefer et al., 1998).
Chronostratigraphy (Table S1) is based on correlating the benthic
d18O record to the benthic LR04 stack (Lisiecki and Raymo 2005)
using the shipboard biostratigraphy and magnetostratigraphy as
initial tie points (Fig. S1). In this study, we focused on the first 55 m
of sediments that are rich in calcium carbonate (60e85wt%) (Wefer
et al., 1998). Cibicidoides wuellerstorfi d13C and d18O values were
determined at every 10 to 20-cm interval. Foraminiferal εNd and U/
Ca analyses were performed in the same samples covering from
MIS 29 to MIS 13.
3.2. Nd isotopic composition of mixed planktonic foraminifera

Samples for εNd analysis were selected to cover glacial and
interglacial periods based on benthic foraminiferal d18O records
(Fig. S2). Details of sample preparation and Nd isotopic composition
measurements are shown elsewhere (Cornuault et al., 2018;
Tachikawa et al., 2014). Briefly, 20e30 mg of mixed planktonic
foraminiferal tests were gently cracked to open all chambers. Clay
and other fine particles were removed by repeated ultrasonication
steps until the water remains were clear and free of clay. Then the
test fragments were dissolved by step-wise addition of 1M acetic
acid and the obtained solution was centrifuged. The obtained su-
pernatants were purified by 2-step column separation using
TRU.Spec and Ln.Spec resin (Pin and Santos Zalduegui, 1997).
Neodymium blank of the whole procedure was better than 10 pg.

Neodymium isotopic composition was determined using a
Thermo Fisher NeptunePlus Multi-Collector Inductively Coupled
Plasma Mass Spectrometer (MC-ICP-MS) in dry plasma mode.
Typical sample size was 10e15 ng Nd and samples were introduced
with an Aridus II desolvation device. 143Nd/144Nd was normalized
to 146Nd/144Nd of 0.7219 using the standard exponential law. A
concentration-match JNdi-1 standard solution (Tanaka et al., 2000)
was analysed at every sample as a bracketing standard to monitor
and correct the instrumental mass fractionation. The reported un-
certainty of each sample is twice the standard error of the mea-
surements. This is very close to external reproducibility (2 SD)
based on the isotopic spread of the JNdi-1 standard throughout the
course of the analyses: typical value of 0.2 ε-unit (Table S2a and b).
The accuracy of the correction was checked by repeated
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Stable isotopic compositions (d13C and d18O) of the epibenthic
C. wuellerstorfi (250e355 mm size fraction) were measured on a
Finnigan MAT 252 mass spectrometer equipped with an automated
carbonate preparation line at MARUM, University Bremen.
Analytical precision was 0.07‰ for d18O as referred to an internal

measurements of the AMES standard solution, which yields an 
average εNd value of �13.0 ± 0.3 (2 SD, n ¼ 28) agreeing well with a 
published value of �13.2 ± 0.3 (Chauvel and Blichert-Toft, 2001). 
Replicate measurements on 3 samples of core MD03-2705 present 
excellent agreements (Table S2a). All the analyses were carried out 
at CEREGE.

3.3. Planktonic foraminiferal U/Ca (ODP site 1085)

Authigenic U content was determined on planktonic foraminifer 
Neogloboquadrina dutertrei because this species was one of the 
most abundant in sediments at ODP Site 1085. Twenty to thirty 
individuals of N. dutertrei (250e355 mm size) per sample were 
weighed, gently crushed and cleaned with the “Mg method” that 
consists of clay removal and oxidative steps (Barker et al., 2003). 
Cleaned test fragments were dissolved with 0.075 M HNO3 and 
centrifuged to remove any residual particles. The solutions were 
diluted to a Ca concentration of 100 mg/ml and analysed by ICP-MS 
(Agilent 7500ce) using bracketing. Analytical performance was 
evaluated by repeated measurements of a house standard with 
comparable U and Ca concentrations with foraminiferal samples at 
every 5 samples. Precision of U/Ca is estimated to be better than 3%
and blank contribution to the foraminiferal U/Ca was negligible. 
The sample preparation and U/Ca analysis were realized at CEREGE.

3.4. Elemental composition and Nd isotopic ratio of fine fraction 
and supernatant samples (core MD03-2705)

In order to examine the cleaning efficiency to remove fine dust 
mineral particles attached on foraminiferal tests of core MD03-
2705, chemical composition (Nd, Al, Fe, Mn, Sr and Ca) and εNd 
values of fine particles were measured for selected samples: 1.8, 
17.6, 403 and 439 ka, corresponding to MIS 1, 2, 11 and 12, 
respectively. Two ways of fine particle collection were applied to 
these samples. Firstly, we washed the >150 mm fraction with tap 
water to collect particles attached on foraminiferal tests. The ob-
tained fine particles (<63 mm) are referred as to “fine fraction”. 
Secondly, we recovered supernatant samples by the standard 
multistep ultrasonication cleaning for Nd isotopic analysis (section 
3.2). The supernatant samples contain particles filled the inside of 
test chambers and fragmented planktonic foraminiferal tests. The 
collection of the supernatant was repeated 2 to 5 times (referred as 
supernatant, “S1 to S5”) according to the presence of fine particles: 
S1 and S2 were collected for the MIS 1 and 2 samples, whereas 
more fractions were collected for MIS 11 (S1eS3) and MIS 12 
(S1eS5) samples. The “fine fraction” and the particles in superna-
tants were dissolved by step-wise addition of 1M acetic acid to 
minimise the dissolution of detrital fraction. After centrifugation to 
remove any residual particles, the solution was evaporated and the 
residual was dissolved with HNO3 for analysis by ICP-MS (Agilent 
7500ce).

Since each supernatant sample did not contain enough amount 
of Nd for isotopic analysis, the Nd isotopic composition was 
determined only for the fine fraction. We focused on the samples at 
MIS 11 and 12 because εNd values of foraminiferal samples at MIS 1 
and 2 present an excellent agreement with those reported by a 
previous study (section 4.2).

3.5. Benthic foraminiferal stable isotopes (ODP site 1085)
carbonate standard. Site 1085 sediment was sampled along the
shipboard composite section every 10 cm from 0 to 19 mcd and
every 20 cm from 19 to 75 mcd (Holes 1085A and B). To obtain
foraminiferal stable isotope data from exactly the same depth in-
tervals as εNd samples, extra measurements were carried out at
CEREGE using an IRMS Delta V-Plus (Thermo-Finnigan) equipped
with a carbonate preparation device (Carbo-Kiel IV). The measured
isotopic values were normalized against NBS19. Mean external
reproducibility was better than 0.05‰ (1SD).

4. Results

4.1. Cleaning efficiency for foraminiferal tests (core MD03-2705)

Nd/Ca ratios of the fine fraction and the supernatant samples
varied from below detection limit to 13 mmol/mol with generally
higher values for glacial samples (Fig. 2a). The most elevated Nd/Ca
was found for the fine fraction at MIS 12 of which the Al/Ca value
was also the highest (25 mmol/mol, Fig. 2b). The absolute Nd/Ca
value and decreasing trend differedwith the samples but the values
generally decreased with repeated ultrasonication steps (Fig. 2a).

Since foraminiferal Nd carriers are associated with FeeMn-rich
phases (Tachikawa et al., 2013), Fe/Ca and Mn/Ca ratios were also
examined. Typical Fe/Ca value of acid-soluble fine particles was
around 8 mmol/mol but some supernatant samples (S2 at MIS 2, S3
at MIS 11, and S1-3 at MIS 12) have iron concentrations below
detection limits (Fig. 2c). The most elevated Mn/Ca values were
detected in the supernatants of the early steps of ultrasonication
(S1-2 at MIS 2, and S2 at MIS 12), and Mn/Ca ratio gradually
decreased with repeated ultrasonication steps (Fig. 2d). A similar
decreasing trend was observed for Sr/Ca from around 2 mmol/mol
at early to mid ultrasonication steps to 1.3e1.5 mmol/mol (Fig. 2e),
typical values of planktonic foraminifera (Elderfield et al., 2000).

Neodymium isotopic composition of the fine fraction at MIS 11
is �11.4 ± 0.3, which agreed with the value of foraminiferal
authigenic fraction of �11.8 ± 0.4 at the same age within uncer-
tainty (Fig. 2f). In contrast, εNd value of the fine fraction at MIS 12
was �10.4 ± 0.2 whereas the value of foraminiferal authigenic
fraction of �11.2 ± 0.2 (Fig. 2f). Two-sample t-test yielded p-value
of <0.0001, which confirms that the εNd difference between the fine
and the foraminiferal fractions is statistically significant. The fine
fraction εNd value was close to acid-soluble Saharan dust Nd iso-
topic composition of �10.2 ± 0.2 (Tachikawa et al., 2004).

4.2. Foraminiferal authigenic εNd records and benthic foraminiferal
d18O

The foraminiferal authigenic εNd values of MD03-2705 for the
past 20 kyr agreed well with previously published values from the
same area since the last deglaciation (Howe et al., 2017) (Fig. S3).
Our core-top εNd value of �12.3 ± 0.3 at 1.8 ka was slightly lower
than the present-day seawater signal at proximal sites �11.8 ± 0.2
to �11.6 ± 0.2 (USGT10-07, USGT 10e09, USGT 11e22, 136e1:
Stichel et al., 2015; Zieringer et al., 2019) and an expected seawater
εNd value of �11.7 calculated using an empirical equation with
seawater temperature and dissolved oxygen concentration
(Tachikawa et al., 2017). Two-sample t-test confirmed the signifi-
cant differences. There is an increasing εNd trend from the early to
the late Holocene in the study area (Fig. S3). It is therefore possible
that the observed εNd offset between the core-top at 1.8 ka and the
present-day seawater values simply reflects temporal variability of
seawater isotopic composition.

For the whole study period, the foraminiferal εNd values of
MD03-2705 ranged between �12.7 ± 0.3 (MIS 13) and �10.2 ± 0.2
(MIS 16) with generally more radiogenic values during glacial



Fig. 2. Chemical composition and εNd values of the fine particles (<63 mm) and supernatants obtained by mechanical cleaning of multi-step ultrasonication of samples at 1.8 ka (MIS
1), 17.6 ka (MIS 2), 403 ka (MIS 11) and 439 ka (MIS 12) of core MD03-2705. a) Nd/Ca, b) Al/Ca, c) Fe/Ca, d) Mn/Ca and e) Sr/Ca. The black arrows indicate samples with the elemental
ratio below detection limit whereas the symbol * indicates absence of data because the collection of supernatant was not repeated. f) Comparison of εNd values obtained for the fine
particles and foraminiferal tests at MIS 11 (black) and MIS 12 (blue). The blue arrow along the y-axis indicates εNd range of acid-soluble Saharan dust value (Tachikawa et al., 2004).
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 3. Foraminiferal εNd and C. wuellerstorfi d18O of MD03-2705 and ODP Site 1085
together with C. wuellerstorfi d13C and N. dutertrei U/Ca at site ODP Site 1085 over the
past 1100 kyr. a) Interglacial (closed) and glacial (open) foraminiferal εNd records and
C. wuellerstorfi d18O (grey) of MD03e2705, b) the same as for a) in the case of ODP Site
1085, c) C. wuellerstorfi d13C record (black) at site ODP Site 1085 with foraminiferal U/
Ca (violet). The numbers at the top correspond to MIS. The vertical grey bar represents
the 900-ka event. The C. wuellerstorfi d18O record of core MD03-2705 is from Malaiz�e
et al. (2012). (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
periods (Fig. 3a and Table S2a). The most striking features of the
record are low glacial εNd values around �12 prior to the 900-ka
event and an increase in εNd values up to �10 during the 900-ka
event (Fig. 3a). Glacial/interglacial εNd difference was very small
before 900 ka. These features are consistent with the εNd records
from the Southeast Atlantic (Farmer et al., 2019; Pena and
Goldstein, 2014).

The foraminiferal authigenic εNd values at ODP Site 1085 were
more radiogenic than those of core MD03-2705 (Fig. 3b, Table S2b).
They ranged between �10.1 ± 0.2 (MIS 15) and �7.5 ± 0.2 (MIS 16)
for the studied period (MIS 29 to MIS 13) with unradiogenic signals
during interglacials. At this site, core-top and present-day seawater
εNd values are not available. The interglacial εNd value of about �10
was higher than the present-day seawater Nd isotopic signals at
30�S to 37�S in the Southeast Atlantic of �11.0 (Stations S1 and
SAVE 217: Garcia-Solsona et al., 2014; Jeandel, 1993), and the ex-
pected value of �11.6 estimated from the empirical equation
(Tachikawa et al., 2017). The interglacial εNd value is close to the
modern seawater value of �10.5 to �10.0 at the closest seawater
station but at 1000 m water depth (Station 40: Rahlf et al., 2020)
and at 43�S to 48�S in the Southeast Atlantic (sites S2 and S3, and
station 104: Garcia-Solsona et al., 2014; Stichel et al., 2012). The
foraminiferal εNd record at ODP Site 1085 shared major features
identified for core MD03-2705: low glacial εNd values prior to the
900-ka event and general increase in Nd isotopic signature at the
900-ka event (Fig. 3ab).

The d18O values of C. wuellerstorfi of ODP Site 1085 varied from
2.1 to 4.3‰ (values are not corrected for vital effect, Table S3) for
the past 1100 kyr (Fig. 3b). The glacial-interglacial C. wuellerstorfi
d18O amplitude is larger after 900 ka with a mean value and a
standard deviation of 3.23 ± 0.34 and 3.28 ± 0.40‰ for pre- and
post-900-ka event, respectively. The relative variation of the d18O
record at ODP Site 1085 matched well with the LR04 reference
curve (Lisiecki and Raymo, 2005) (Fig. S1).



4.3. Benthic foraminiferal d13C and N. dutertrei U/Ca at ODP site 
1085

Cibicidoides wuellerstorfi d13C values at ODP Site 1085 showed 
glacial-interglacial cycles and a positive shift of mean state at 
around 600 ka (Fig. 3c, Table S3). From 1200 ka to 600 ka,
C. wuellerstorfi d13C values ranged between �0.6 and 0.5‰, and 
they varied between �0.2 and 0.9‰ after 600 ka. The lowest

C. wuellerstorfi d13C values were observed at MIS 24, 20 and 16. 
Between MIS 12 to 10, our C. wuellerstorfi d13C record is in close 
agreement with previous d13C data from Site 1085 (Dickson et al., 
2008) (not shown in figure).

Since authigenic U accumulates in oxygen-depleted bottom and 
pore waters during post-mortem processes, foraminiferal U/Ca ra-
tio can be used to reconstruct ocean redox chemistry (Boiteau et al., 
2012). The U/Ca ratio of N. dutertrei at ODP Site 1085 was obtained 
for the same samples as for Nd isotopic measurements using a 
mechanical and oxidative cleaning method. The planktonic fora-
miniferal U/Ca values ranged between 80 and 155 nmol/mol with 
two mean states before and after about 600 ka as observed for the
C. wuellerstorfi d13C record (Fig. 3c, Table S2b). Higher values were 
found in the older part except for MIS 23 and 22, and a marked 
decline was observed at around 600 ka.
4.4. Relationship between εNd and benthic foraminiferal stable 
isotopes

The foraminiferal εNd and C. wuellerstorfi d13C values of core 
MD03-2705 and ODP Site 1085 are broadly negatively correlated 
(Fig. 4). The core-top value of core MD03-2705 was on the binary 
mixing envelope defined by present-day NADW and CDW proper-
ties (Key et al., 2004; Schmittner et al., 2013; Tachikawa et al., 2017). 
The majority of data points fall below the mixing envelope, and this 
means lower d13C than predicted by the mixing relationship. At 
ODP Site 1085, C. wuellerstorfi d13C values after 600 ka (MIS 13 to 15) 
were less depleted than for the older part, and they are located 
nearby the mixing curve (Fig. 4a).
Fig. 4. Relationship between foraminiferal εNd and C. wuellerstorfi d13C. a) The relationship of
ODP Site 1085 samples after 600 ka and corresponding MIS. b) The same relationship with
and b) is defined by the present-day NADW and CDW endmembers: for NADW, εNd ¼ �12.3 ±
(uncertainty is arbitrarily fixed to be 0.3‰) and DIC concentration ¼ 2175 ± 109 mmol/kg (
concentration ¼ 24.0 ± 4.8 (1s) pmol/kg, d13C-DIC ¼ 0.4 ± 0.3‰ (uncertainty is arbitrarily fix
to be 5%). The εNd values and Nd concentration are based on Tachikawa et al. (2017) whereas
et al. (2004), respectively. (For interpretation of the references to colour in this figure legen
For core MD03-2705, the interglacial data points (lower
C. wuellerstorfi d18O values) are plotted closer to the mixing enve-
lope than the glacial data (Fig. 4b). Such a trend is not clearly
observed for the data of ODP Site 1085.
5. Discussion

The cleaning experiments for core MD03-2705 show the
decreasing Nd/Ca, Al/Ca, Mn/Ca and Sr/Ca values of acid-soluble
fine particles with repeated ultrasonication steps (Fig. 2). The Nd/
Ca and Al/Ca ratios are generally higher for glacial samples (Fig. 2a
and b), and εNd values of the fine fraction and cleaned foraminiferal
tests are slightly different at MIS 12 (Fig. 2f). Knowing that dust
contents at site MD03-2705 were generally higher during glacial
conditions (Jullien et al., 2007; Tisserand et al., 2009; Malaiz�e et al.,
2012; Skonieczny et al., 2019), these results suggest that the glacial
fine particles may contain more acid-soluble detrital carbonates
derived from Saharan dust. The mechanical cleaning is effective to
remove the detrital carbonates since the chemical composition of
supernatant samples approached towards that of foraminiferal
tests with multi-step ultrasonication as shown by Sr/Ca ratios
(Fig. 2e).

We are confident that the MD03-2705 foraminiferal εNd values
represent bottom/pore water signals that are not affected by
Saharan dust inputs due to insufficient cleaning based on following
evidences: (i) common features of εNd records of cores MD03-2705
and ODP Site 1085, the latter of which is free from Saharan dust
influence (Fig. 3a and b); (ii) close match of the MD03-2705 εNd
values with the previous results from the same area during the
Holocene and the LGM (Howe et al., 2018) independently obtained
by a distinct number of fine particle removal steps (Fig. S3); and (iii)
ultrasonication steps repeated more than five times until achieve-
ment of transparent supernatants. The influence of reactive detrital
phases on foraminiferal εNd values via Nd in pore water is a matter
of debate and cannot be totally ruled out.

At ODP Site 1085, C. wuellerstorfi d13C was lower and forami-
niferal U/Ca was higher at the 1200e600 ka interval than for the
cores MD03-2705 (blue) and ODP Site 1085 (orange). The arrows and numbers indicate
C. wuellerstorfi d18O values with colour code. A binary mixing line (the grey curves in a
0.9 (1s), dissolved Nd concentration ¼ 20.3 ± 3.2 (1s) pmol/kg, d13C-DIC ¼ 1.1 ± 0.3‰

uncertainty is arbitrarily fixed to be 5%). For CDW, εNd ¼ �7.8 ± 1.2 (1s), dissolved Nd
ed to be 0.3‰), DIC concentration ¼ 2285 ± 114 mmol/kg (uncertainty is arbitrarily fixed
the d13C-DIC and the DIC concentration values are from Schmittner et al. (2013) and Key
d, the reader is referred to the Web version of this article.)



last 600 ka interval (Fig. 3c). These features can be interpreted as a 
sign of more corrosive and reducing environment for the older part 
in relation to the past upwelling activity (Dickson et al., 2010; Wefer 
et al., 1998). The Benguela upwelling system has evolved under the 
influence of combined effects of major global wind and oceanic 
systems as well as local variations in the strength and/or position of 
the winds (Petrick et al., 2018). There was a series of key periods of 
the system evolution since the last 1.5 Ma. One of them is the time 
interval around 600 ka that corresponds to a northward shift of the 
Benguela current cells (Petrick et al., 2018). Therefore the d13C re-
cord at ODP Site 1085 will be interpreted with caution, although the 
influence of productivity changes on the d13C values may be of 
secondary importance considering continuous occurrence of the 
oxic and oligotrophic benthic species C. wuellerstorfi (Jorissen et al., 
2007).

5.1. AMOC changes at the 900-ka event

In order to examine spatiotemporal tendency of seawater εNd 
across the MPT, all the available reconstructed seawater εNd records 
covering the 900-ka event are compared: MD03-2705 and ODP Site 
1085 (this study), ODP Site 1088 (Dausmann et al., 2017; Hu et al., 
2016; Pena and Goldstein, 2014), ODP Site 1090/TTNO57-6 
(referred as to ODP Site 1090) (Howe et al., 2016; Pena and 
Goldstein, 2014) and ODP Site 1267 (Farmer et al., 2019) (Figs. 1 
and 5b). ODP Site 1267 is in the Angola Basin, north of Walvis 
Ridge in the Southeast Atlantic at a water depth of 4400 m where 
this bathymetric barrier minimizes the influence of SSW (Farmer 
et al., 2019) and NADW is estimated to be the major water mass 
(Fig. 1c).

The remarkable feature of the εNd records is a persistent 
meridional seawater Nd isotopic gradient for the past 1100 kyr 
(Fig. 5b), being consistent with previous studies (e.g., Goldstein 
et al., 2017). The Nd isotopic composition is systematically lower 
at MD03-2705 and ODP Site 1267 where NADW is currently the 
major water mass than at ODP Site 1085, ODP Site 1088 and ODP 
Site 1090 in the South Cape Basin, influenced by a greater propor-
tion of SSW such as UCDW, LCDW and AABW at the present day 
(Rahlf et al., 2020) (Figs. 1 and 5b). These three sites (ODP Sites 
1085, 1088 and 1090) present similar εNd values and relative vari-
ability (Fig. 5b). All the records indicate lower glacial εNd values 
before 900 ka than for more recent glacial periods, and an increase 
in seawater Nd isotopic composition during the 900-ka event.

These basin-wide features could be explained by changes in 
NSW and SSW productions. However, variation of the NSW/SSW 
ratio alone does not allow determining whether changes are 
derived from the northern or southern hemisphere. To obtain 
insight into possible mechanisms responsible for the positive εNd 
shift at the 900-ka event, reconstructed seawater εNd distribution is 
compared with modelling results. A previous study simulated 
global seawater εNd values with Earth system Models of Interme-
diate Complexity (EMIC) assuming that the boundary exchange 
(particle-dissolved exchange of Nd isotopes around continental 
margins) was the only Nd source to the ocean (Friedrich et al., 
2014). Reduction of the AMOC was realized by excess freshwater 
inputs to the North Atlantic whereas Southern Ocean Meridional 
Overturning Circulation (SOMOC) was amplified by removal of 
freshwater from the Southern Ocean (Friedrich et al., 2014).

A general increase in seawater εNd values was simulated in the 
case of reduced AMOC (Friedrich et al., 2014), which is consistent 
with the reconstructed seawater εNd distribution in the Atlantic. In 
contrast, the increased SOMOC has little influence on the Atlantic 
seawater εNd values (Friedrich et al., 2014). Similar results were 
obtained using an independent EMIC that considered both dis-
solved Nd concentration and Nd isotopic composition (Rempfer
et al., 2012). These results suggest that the basin-wide seawater
εNd increase at the 900-ka event can be better explained by reduced
AMOC (Tachikawa et al., 2020).
5.2. Impact of changes in Nd sources to the North Atlantic on
seawater εNd distribution

Another possibility to modify large-scale seawater εNd distri-
bution is changes in Nd sources to the North Atlantic in relation to
modified dissolved-particulate interaction that was produced by
shift of convection zone and/or water flow pathway. Several
modelling studies (Arsouze et al., 2008; Menviel et al., 2020) and
reconstructions (Gutjahr et al., 2008; Zhao et al., 2019; Du et al.,
2020; P€oppelmeier et al., 2020) pointed out possible changes in
εNd value of the NSW endmember on glacial/interglacial scale.
During the Last Glacial Maximum (LGM), reduced Nd contribution
from Baffin Baywith very low εNd to the NADW formation zone, and
southward migration of convection zone due to sea ice extension
towards the Norwegian Sea could have increased the Nd isotopic
signature of NSW (Du et al., 2020; Menviel et al., 2020). Funda-
mental changes in the Northern cryosphere occurred across the
MPT (Clark et al., 2006) with the first sea level drop at MIS 22 that
was estimated with bottom water d18O reconstruction (Elderfield
et al., 2012) although it is still debated whether the observed
d18O signal is a global sea level signal (Ford et al., 2016). Even if the
past convection zone and sea ice extension in the North Atlantic
over the MPT have not been determined yet, the inception of
conditions similar to those of peak glaciations in the 100 kyr world
could have occurred across theMPT. The condition couldmodify Nd
sources to the ocean.

To evaluate the potential impact of changes in Nd sources to the
North Atlantic on seawater εNd distribution, we use a PANDORA 10-
box model (Fig. S4) (Tachikawa et al., 2003) that is calibrated with
an updated compilation of global seawater Nd concentration and
isotopic composition (Tachikawa et al., 2017). External Nd sources
to North Atlantic, surface Atlantic, North Pacific and surface
INDOPAC (Indian-Pacific Oceans) boxes, and εNd values of these
sources are determined using the compiled data (Table S4). Oceanic
Nd residence time is fixed to be 700 yr (Rempfer et al., 2012). The
scavenged Nd flux from each box is calculated at steady state to
balance advective Nd fluxes between different boxes. Then, the
scavenging coefficient is determined for perturbation experiments,
by dividing scavenged Nd flux by dissolved Nd concentration
(Table S4). The scavenging coefficient of each box is assumed to be
constant with time.

We examine the influence of more radiogenic Nd source to the
North Atlantic box under three circulation states: present circula-
tion (Broecker and Peng, 1987), reduced AMOC (10 Sv,
Sverdrups ¼ 106 m3/s, instead of 20 Sv) and increased SOMOC (þ4
Sv to the deep Atlantic and to the deep INDOPAC; Fig. S4). Water
fluxes were adjusted tomaintainwater volume of each box. The εNd
value of the external source to the North Atlantic is increased by
adding þ2, þ4 and þ 6 ε-units to the initial value (Table S4). For
comparison, circulation change experiments are conducted
without any modification of Nd isotopic signature of the source
(“No change” experiment). We neither intend to precisely repro-
duce the seawater εNd distribution at the 900-ka event nor examine
the possible shoaling of the AMOC. These are sensitivity tests to
evaluate how the modified Nd supply to the North Atlantic box
propagates and affects seawater εNd distribution under different
circulation conditions.

The result of reduced AMOC “No change” experiment shows a
marked εNd decrease in the North Atlantic, little εNd change in the
deep Atlantic, and a clear positive isotopic shift in the deep



Fig. 5. Foraminiferal εNd and C. wuellerstorfi d13C time series from the eastern Atlantic over the past 1100 kyr compared with other records. a) Stacked benthic foraminiferal d18O
record LR04 (Lisiecki and Raymo, 2005). b) Foraminiferal εNd records of MD03-2705 (blue, this study) and ODP Site 1085 (orange, this study), ODP Site 1267 (green) (Farmer et al.,
2019), ODP Site 1088 (red) (Dausmann et al., 2017; Hu et al., 2016; Pena and Goldstein, 2014), and ODP Site 1090/TTNO57-6 (violet) (Howe et al., 2016; Pena and Goldstein, 2014). c)
Bulk carbonate d18O at site ODP Site 982 as an indicator of reworked nannofossil supply associated with Eurasian Ice Sheet evolution (Hodell and Channell, 2016). d) Stacked calcium
carbonate content in bulk sediments at around 25 to 35�S in the Atlantic Ocean deduced from magnetic susceptibility. The smoothed curve shows a long-term trend (low-pass
filtering > 350 kyr) (Schmieder et al., 2000). e) C. wuellerstorfi B/Ca derived D[CO3

2�] reconstruction at DSDP Site 607 (41�N, 33�W, 3427 m water depth) in the North Atlantic (Lear
et al., 2016) and at ODP Site 1267 (Farmer et al., 2019). f) Globorotalia menardii accumulation rate at ODP Site 1087 (31�280S, 15�190E, 1371 mwater depth) as an indicator of Agulhas
leakage (Caley et al., 2012). g) C. wuellerstorfi d13C time series of the five cores. Colour code is the same as for b). The light grey bar and blue bars indicate the 900-ka event and glacial
periods, respectively. The dark grey rectangle shows the MPT interim period (920e640 ka). (For interpretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)
Southern Ocean (“deep Antarctic”) and INDOPAC (Fig. 6a). The
weaker NADWproduction allows the accumulation of unradiogenic
Nd in the North Atlantic whereas the reduced advection of unra-
diogenic Nd results in the positive εNd shift in the deep Southern
Ocean and INDOPAC. The Nd advection from the North Atlantic
with the lowest εNd value and that from the other oceans with
higher εNd values to the deep Atlantic leads to a small isotopic
change. The enhanced SOMOC “No change” experiment yields a
slight positive (negative) shift in the deep Atlantic (deep INDOPAC)
because the Southern Ocean εNd value is intermediate between the
deep Atlantic and INDOPAC values (Fig. 6b). This SOMOC þ result is
comparable with and EMIC results (Rempfer et al., 2012; Friedrich
et al., 2014) whereas the reduced AMOC “No change” is clearly
different between the two types of models. The difference can be
explained by the fact that changes in Nd sources to the oceans are
integrated in EMIC simulations as the boundary exchange (Rempfer
et al., 2012; Friedrich et al., 2014). The effect of boundary exchange
is stronger in the North Atlantic surrounded by continents with
contrasted εNd values (Jeandel et al., 2007) than in the Southern
Ocean.

All the box model simulation results demonstrate that the
radiogenic Nd perturbations to the North Atlantic are propagated
on global scale, with a more radiogenic Nd source to the North
Atlantic leading to more positive seawater Nd isotopic shifts



Fig. 6. Sensitivity tests of seawater εNd as a function of model years using PANDORA 10-box model. Simulated values are indicated for North Atlantic, deep Atlantic, deep Antarctic
and deep INDOPAC (deep > 1000 m). The εNd value of external source to the North Atlantic is increased by adding þ2, þ4 and þ 6 ε-units to the initial value (Table S4). The upper
three panels (control, a and b) indicate the seawater εNd variability without any change of Nd external source (‘No change’) whereas the lower three panels (c, d, and e) show the
cases with þ4 ε-unit addition. The results of þ2 and þ 6 ε-unit addition are shown in Fig. S5. See text for details about AMOC- and SOMOCþ.
(Fig. 6c, d and e and S5). For instance, the Nd sources with an in-
crease of þ2, þ4 and þ 6 ε-units yield the εNd shifts of þ0.4, þ1.0
and þ 1.5 in the deep Atlantic under the reduced AMOC condition,
respectively (Figs. 6d and S5). The global positive εNd shift is the
most pronounced in the reduced AMOC experiment (Fig. 6d)
because of the smaller NADW advection that transports low εNd
seawater to the other oceanic regions.

Proxy reconstructions demonstrate that the positive εNd shift at
the 900-ka event is not limited to the Atlantic Ocean. Positive εNd

events at 900-ka are observed at ODP Site 748 in the North Indian
Ocean (Williams, 2018) and ODP Site 1234 in the Southwest Pacific
(Piotrowski et al., 2015). The result of the enhanced SOMOC “No
change” experiment is not compatible with this global feature
(Fig. 6b). Even though a generally positive εNd shift can be produced
with radiogenic Nd sources under the enhanced SOMOC or the
present-day circulation (Figs. 6c, e and S5), we assume that such
cases are difficult to realise because processes affecting the external
Nd sources to the North Atlantic could modify the hydrological
cycle of the surface Atlantic, thus AMOC strength (see section 5.4).
In the following, we examine the hypothesis that more radiogenic
Nd sources and aweaker AMOCwere themain cause of the positive
εNd shift at the 900-ka event rather than a stronger SOMOC.
5.3. d13C and εNd relationship in the eastern Atlantic Ocean

The hypothesis can be examined using the relationships be-
tween foraminiferal εNd and benthic foraminiferal d13C. In the
modern Atlantic, a binary mixing between NADW and CDW
explains the relationship between seawater εNd and d13C value of
dissolved inorganic carbon (d13C-DIC) at water depths deeper than
1500 m (Fig. 7). If the Nd supply to the North Atlantic becomes
more radiogenic, the εNd value of both NSW and SSW increases, as
shown by the global positive isotopic shifts (Fig. 6 and S5). The new
binary mixing curve would be formed above the initial one with a
general shift towards higher εNd values (Fig. 7a: the black triangles,
circles and diamonds indicate the binary mixing trends when the
Nd sources to the North Atlantic are more radiogenic with an in-
crease of þ2, þ4 and þ 6 ε-units, respectively). If the d13C-DIC
values of NSW and SSW decrease because of accumulation of
remineralised organic matter in relation to slow ventilation and/or
restricted air-sea exchange (Mix and Fairbanks, 1985; Gebbie,
2014), a new mixing curve would be formed below the initial one
(Fig. 7a). These features are used to evaluate the above-mentioned
hypothesis.

Before comparing the past εNd - d13C relationship with the
present-day binary mixing, benthic d13C records are corrected for a
long-term global ocean d13C change provided by Hoogakker et al.
(2006) (Fig. S6). Stacked C. wuellerstorfi d13C record reflects the
global modification of terrestrial carbon storage on the glacial/
interglacial timescale and changes in the burial fluxes of organic
and inorganic carbon on longer time scales (Hoogakker et al.,
2006). We compare C. wuellerstorfi d13C records (Fig. 5g) between
ODP Site 1085 (this study), MD03-2705 (Malaiz�e et al., 2012), ODP
Site 1267 (Bell et al., 2014), ODP Site 1088 and ODP Site 1090
(Hodell et al., 2003a) and subtract the stacked d13C from each
C. wuellerstorfi d13C record (Fig. S6). The obtained records are



Fig. 7. Relationship between d13C and εNd. a) The binary mixing curve formed by the present-day NADW and CDW endmembers is the upper grey line. The definition of each
endmember is in Fig. 4 caption. The black triangles, circles and diamonds indicate the binary mixing trend when the Nd sources to the North Atlantic are more radiogenic with an
increase of þ2, þ4 and þ 6 ε-units, respectively. The lower grey line with “Deep NSW” and “Deep SSW” shows an example of mixing with endmembers characterised by more
respired carbon: the d13C-DIC values of NADW and CDW are decreased by subtracting of 0.5 and 1.0‰ from the initial values, respectively. The light and dark grey ellipses
approximately cover data points from the intermediate and deep water depths shown in b), respectively. b) Relationship between C. wuellerstorfi d13C corrected for global changes in
the carbon cycle (d13Ccorr, see text for more detail) and foraminiferal εNd of cores MD03-2705, ODP Site 1085, ODP Site 1088, ODP Site 1090 and ODP Site 1267. The closed and open
symbols indicate interglacial and glacial data points, respectively. The cross symbols show data from MIS 24e22. The coloured stars show core-top values at different sites. The
numbers indicate MIS. c) Relationship between d13Ccorr and εNd with iron accumulation rate of ODP Site 1090 (Martinez-Garcia et al., 2011) with the colour code. The iron accu-
mulation rate is integrated for 10 kyr considering that d13C data represent a time-average response to local productivity. The numbers indicate MIS. The small black dots indicate the
data points shown in b). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
referred as corrected d13C, d13Ccorr. The d13Ccorr values reflect the
local/regional variation of biological productivity, the ventilation
rate and the air-sea exchange of CO2 in the surface ocean regions of
NSW and SSW formation. Some data of ODP Site 1085 such as at
MIS 17 and 26 are characterised by lower d13Ccorr than expected
values from the binary mixing (Fig. 7b). They can be explained by
the fluctuation of local biological productivity as shown by lower
benthic d13C values and higher U/Ca for 1200e600 ka interval
including MIS 17 and 26 than for 0e600 ka interval (Fig. 3c).

The relationship between foraminiferal εNd and d13Ccorr of the
five cores reveals a clear trend with water depths (Fig. 7b). The
majority of data from intermediate water depths (1700e2100 m)
are on the present-day binary mixing envelope whereas the data
from North Atlantic glacial deep water (>3000 m, MD03-2705) and
South Atlantic deep waters (ODP Site 1090) at MIS 31 to 15 present
lower d13Ccorr than the present-day binary mixing envelope be-
tween NADW and CDW. Some scatters and offsets from the mixing
envelope can be explained by chronological uncertainty of each
record to calculate d13Ccorr (Fig. S6). The data points at the 900-ka
event (MIS 24e22, Fig. 7b) do not systematically fall above the
present-day mixing curve, suggesting that the more radiogenic Nd
supply could be accompanied by the accumulation of respired
carbon. The 900-ka event is one of the extreme cases of reduced
d13Ccorr of deep waters as shown by large offsets from the mixing
envelope at MIS 22 and 24 of core MD03-2705 and MIS 24 at ODP
Site 1090 (Fig. 7b). The marked accumulation of respired carbon in
the deep South Atlantic is difficult to reconcile with more active
SOMOC. AtMIS 23, all data points at the five sites approximately fall
on the present-day mixing envelope whatever the water depths
with high εNd values (Fig. 7b). Since the stacked d13C shows the
lowest d13C at MIS 23 over the past 1200 kyr (Fig. S6), we interpret
this result as the accumulation of respired carbon in the global
ocean. These observations support the idea that more radiogenic
Nd supply combinedwith the reduced AMOCwas themain cause of
the positive εNd shift at the 900-ka event rather than stronger
SOMOC.

Both proxy reconstruction andmodelling study suggest that one
of the possibilities to lower d13C-DIC in the Southern Ocean is an
increase in biological productivity via iron fertilisation (Jaccard
et al., 2013; Muglia et al., 2018). To evaluate the impact of iron
fertilization, the relationship between d13Ccorr-εNd and iron accu-
mulation rate at ODP Site 1090 is examined (Martinez-Garcia et al.,
2011) (Fig. 7c). At MIS 18 and 20, d13Ccorr values at ODP Site 1090 are
strongly negative with high iron accumulation rate, being consis-
tent with the iron fertilization hypothesis. However, depleted
d13Ccorr data are also observed with low iron accumulation rate
such as at MIS 28 and 24 (Fig. 7c). This suggests that iron supply,
promoting higher productivity, is not the only factor to reduce
d13Ccorr values.

In the next section, we discuss possible processes for the
changes in Nd sources, the reduction of AMOC and the accumula-
tion of respired carbon in the deep Atlantic for the whole study
period.
5.4. Possible processes and carbon storage in the deep Atlantic
Ocean

The glacial εNd values from 1100 kyr to the 900-ka event are
lower than the more recent glacial values at the five sites (Fig. 5b).
This suggests dominant NSW contribution (and/or more



 

unradiogenic Nd supply to the North Atlantic) even at the glacial 
periods. However, benthic d13C values at ODP Site 1090 during this 
time interval are generally low (Fig. 5g), indicating the presence of 
poorly ventilated deep water. The presence of poorly ventilated 
water is also suggested by low epibenthic d13C values at ODP Site 
704 (47�S, Hodell and Venz, 1992) and site GeoB1211-3 at 4100 m 
water depth on the southern side of Walvis Ridge (Bickert and 
Wefer, 1996; Bickert et al., 2003) (Fig. 1). These results contrast 
well with high d13C values at ODP Site 1267 on the northern side of 
Walvis Ridge (Figs. 1, 5f and 7b) where AABW inflow from the south 
is prevented due to the bathymetric barrier. Taken together, the 
records demonstrate even under the active AMOC condition, 
ventilation of deep SSW in the Southeast Atlantic was limited 
during the interval from 1100 kyr to the 900-ka event.

At MIS 24 to 22, the first decrease in bulk carbonate d18O 
occurred at ODP Site 982 on the Rockall Plateau in the Northeast 
Atlantic (Fig. 5c), and the negative d18O peaks are concomitant with 
high magnetic susceptibility (Hodell and Channell, 2016). The d18O 
value close to zero indicates that the source of carbonates are 
reworked nannofossils supplied from the Norwegian shelf and/or 
the northern North Sea/Denmark area to the Rockall Plateau 
(Hodell and Channell, 2016; Marino et al., 2011). This result may 
suggest an expansion of Eurasian Ice sheet and possible seasonal 
instability of the ice sheet during the 900-ka event. Because of the 
proximal position to source areas of deep-water formation, the 
Eurasian ice sheet might have had strong impact on deep-water 
formation in spite of its small influence on global ice volume 
(Hodell and Channell, 2016). We note here that the Norwegian shelf 
and/or the northern North Sea/Denmark area are characterised by 
higher εNd values than areas of the Northern northwest Atlantic 
coast such as the Greenland shelf and Baffin Bay  (Jeandel et al.,
2007). Considering these points, we propose a hydrological 
perturbation originating from the Eurasian Ice Sheet which induced 
the changes in Nd supply to the North Atlantic. It is worth noting 
that the AMOC was less stable than previously thought over the 
past 500 kyr, and a small perturbation of the hydrological cycle 
could trigger reduced NADW production (Galaasen et al., 2020).

After the 900-ka event, foraminiferal εNd values at interglacial 
periods were as low as the present bottom water values (Fig. 5b), 
indicating reactivation of the AMOC (Pena and Goldstein, 2014). 
The more active AMOC could be related with global reorganization 
of thermohaline circulation. For instance, significantly intense 
Agulhas leakage events were reconstructed after the MIS 22/21 
transition (Caley et al., 2012) (Fig. 5f) and extra salt supply from the 
southern hemisphere to the North Atlantic could have contributed 
to stronger interglacial AMOC (Biastoch et al., 2008; Knorr and 
Lohmann, 2003).

Glacial deep Atlantic waters after the 900-ka event are charac-
terised by d13Ccorr values lower than the expected from the mixing 
envelope, similar to MIS 24 and 22 (Fig. 7b). Since the d13Ccorr 
depletion is observed for both North (MD03-2705) and South 
Atlantic (ODP Site 1090), we infer weaker production and shallower 
flow of NSW as well as stagnant ventilation and/or restricted air/sea 
exchange of deep SSW relative to the interglacial periods. This 
inference is consistent with the following reconstructions. From 
MIS 22 to MIS 16, a gradual reduction of glacial AABW formation 
was estimated based on enhanced stratification in the Southern 
Ocean in relation to the growth of fresh water cap (Hasenfratz et al., 
2019). The strong stratification prevented active AABW formation, 
leading to corrosive deep waters. The presence of corrosive waters 
is also suggested by calcium carbonate contents in bulk sediments. 
The period from MIS 22 to MIS 16 corresponds to the interval called 
“a MPT interim” (920e640 ka; Schmieder et al., 2000) that is 
characterised by low calcium carbonate content in bulk sediments, 
in particular during glacial periods at around 25 to 35�S at water
depth 2900e4500 m in the South Atlantic as shown by the SUSAS
stack (Fig. 5d). The carbonate content varied at ODP Site 1090 at
3702 m water depth (21e92% of carbonate in bulk sediments) in a
similar way to SUSAS stack. It is interesting to note that almost
constant and systematically higher carbonate content (78e95%) is
found at ODP Site 1088 at 2082 m water depth (Hodell et al.,
2003b). The better carbonate preservation at intermediate water
depths is consistent with the two mixing envelopes based on the
d13Ccorr - εNd relationship (Fig. 7b) and our hypothesis of more
corrosive water at deeper water depths.

It is interesting to note that the existence of corrosive glacial
deep waters since the 900-ka event was proposed based on
C. wuellerstorfi B/Ca derived D[CO3

2�] reconstructions in the North
and South Atlantic (Fig. 5e) (Lear et al., 2016; Farmer et al., 2019).
The d13Ccorr - εNd relationship confirms the presence of glacial deep
waters in the North and South Atlantic that contained more
respired carbon, which is consistent with the reconstructions
(Figs. 5e and 7). The carbon trapping in deep ocean affects the
carbon cycle (Farmer et al., 2019; Khatiwala et al., 2019), by
amplifying the nonlinear response of the climate system, which
would have contributed to the shift from the 41 kyr world where
the system responded linearly to the insolation forcing towards the
highly nonlinear 100 kyr world (Chalk et al., 2017). Our results
underscore the importance of physical processes (deep water for-
mation, ventilation depths and strength, air/sea exchange) to
modify the oceanic carbon storage (Lear et al., 2016; Farmer et al.,
2019) in addition to biological carbon pumping (Chalk et al.,
2017). The combination of foraminiferal authigenic εNd with epi-
benthic d13C corrected for global-scale variability allow us to
distinguish water mass mixing, NSW and SSW endmember modi-
fication and accumulation of respired carbon.

6. Conclusions

By combining εNd recorded in planktonic foraminiferal authi-
genic fractions with C. wuellerstorfi d13C and d18O of cores from the
Northeast (18�N, 3100 m water depth, MD03-2705) and the
Southeast Atlantic Ocean (29�S, 1700 m water depth, ODP Site
1085), we investigated the relationship between the AMOC and
oceanic carbon storage in the Atlantic Ocean over the past 1100 kyr.
Our major findings are as follows.

Mechanical cleaning of foraminiferal shells of core MD03-2705
located under Saharan dust plume was revealed to be efficient.
Glacial samples are more susceptible to be affected by Saharan dust
and repeated ultrasonication successfully removed dust minerals to
extract water εNd signals.

Based on the compilation of foraminiferal εNd records covering
the 900-ka event and modelling results, the positive shift of
reconstructed water εNd values at the 900-ka event is estimated to
have been produced by reduced AMOC with changes in the Nd
source to the North Atlantic. In our model results, enhanced
Southern Ocean overturning circulation alone cannot form the
observed positive εNd shift.

The relationship between foraminiferal εNd and benthic d13C
corrected for the effect of the global carbon cycle (d13Ccorr) reveals
the presence of carbon-rich deep-water (>3000 m) in the South
Atlantic as well as in the North Atlantic at the 900-ka event and
during glacial periods. It contrasts well with the intermediatewater
masses of which εNd and d13Ccorr values can be essentially explained
by a binary mixing of northern and southern source waters.

The depleted d13Ccorr in the deep South Atlantic cannot be
accounted solely for increased biological productivity by iron
fertilization in the Southern Ocean. Reduced ventilation rate of
deep NSW and SSW and/or air/sea exchange in the Southern Ocean
played a key role, favouring carbon storage in the deep Atlantic.
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