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Formed in the Southern Ocean, Antarctic Intermediate Water (AAIW) plays a fundamental role in the
modern climate system as an important sink for atmospheric CO,, and as a mid-depth conduit supplying
nutrient-rich waters to subtropical and tropical upwelling regions. During the transition from warm
Pliocene ‘greenhouse’ conditions to Pleistocene ‘icehouse’ conditions around 3 Ma, model simulations
suggest dramatic circulation changes in the Southern Ocean AAIW formation region due to cooling and
expanded sea ice cover around Antarctica. However, the history and properties of AAIW over this time
period are still poorly understood. Here, we trace AAIW source water provenance, temperature, and
salinity changes over the last 4 Myr using Nd isotopes of Fe-Mn-oxyhydroxide encrusted foraminifera,
benthic foraminiferal Mg/Ca, and stable isotopes from southwest Atlantic DSDP Site 516. Our results
show that modern AAIW properties emerged gradually over the last 3 Myr, as evidenced by gradual
cooling (6 °C) and freshening of intermediate waters. Over this same interval, eNd-values decrease and
diverge away from those of Pacific-sourced waters and converge on values of present-day Circumpolar
Deep Water (CDW). These observations are in accordance with model simulations indicating increased
deep vertical mixing at the Polar Front associated with sea ice extension. These modified AAIW source
waters penetrated increasingly northward into the Atlantic at intermediate depths, enhancing nutrient
supply and contributing to surface cooling along subtropical coastal upwelling sites. These circulation
changes may have facilitated ocean CO, storage, providing a positive feedback amplifying global cooling
and intensification of Northern Hemisphere Glaciation.

© 2019 Elsevier Ltd. All rights reserved.

Hence, AAIW is an important part of the thermohaline ocean cir-
culation and represents the shallow arm of the cold water route
from the Southern to the Northern Hemisphere for balancing the
southward flow of North Atlantic Deep Water (NADW) from the

1. Introduction

Antarctic Intermediate Water (AAIW) is a cool (~2—5°C) and
low-salinity (~34.4 psp) water mass that originates from an area

between 45 and 55°S, extending from the Antarctic Polar Front
towards the north of the Subantarctic Front (McCartney, 1977;
Talley, 1996). There it is formed by vertical mixing with upwelled
Circumpolar Deep Water (CDW) during the Austral winter, and
after subduction its core flows northward at intermediate
(700—1200 m) water depths in all three ocean basins (McCartney,
1977; Piola and Georgi, 1982; Tsuchiya, 1989; Talley, 1996;
Sarmiento et al., 2004; Pellichero et al., 2018 and refs. therein).
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North Atlantic Ocean (e.g., Talley, 2013).

Two interlinked main processes have been proposed to drive the
formation, and northward drift of AAIW. One is the well-known
wind-driven upwelling and Ekman transport occurring during the
present-day, and the last glacial and interglacial (Wainer et al., 2012
and refs therein). The other is seasonal sea ice formation and
melting close to Antarctica that drive buoyancy changes in the
Southern Ocean (Abernathey et al., 2016; Evans et al., 2018;
Pellichero et al., 2018). In the Southwest Atlantic Ocean, AAIW is
mainly derived from the Southeast Pacific Ocean, flowing through
the Drake Passage and then northward towards the area of DSDP
Site 516 (McCartney, 1977; Piola and Matano, 2001, Fig. 1a; location:
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Fig. 1. Location of core sites and water masses in the Atlantic. a) Map showing locations of Site 516 and other sites in the text. The shaded line indicates the Atlantic depth profile
shown in b), showing nutrient contents (nitrate in pmol/mol) in color shading and salinity (in psu) in contour lines (Antonov et al., 2010; Garcia et al., 2010). AAIW, NADW and core
sites are indicated. Figure is made with Ocean Data View (Schlitzer, 2012; version 4.51; http://odv.awi.de). (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)

30°17'S; 35°17'W; 1313 m water depth).

Large amounts of anthropogenic CO, are stored in Southern
Ocean surface and subsurface waters through AAIW formation as
well as its subsurface flow domains in the Atlantic, Pacific, and
Indian Ocean sectors (Sabine et al., 2004). Even though there is
upwelling of CDW close to Antarctica that releases CO, into the
atmosphere (not fully sequestered by bio-productivity) there is still
a net transport of atmospheric CO, into the Southern Ocean
(Gruber et al., 2009). Hence, during past times of positive ocean-
atmosphere CO, disequilibria, AAIW formation can be expected
to have been an important water mass for facilitating carbon up-
take and sequestration on short time scales.

AAIW is also a nutrient rich water mass that ventilates the
thermocline of upwelling regions, together with shallower sub-
antarctic mode waters, in the tropics and subtropics (Toggweiler
et al,, 1991; Gordon et al., 1992). The high nutrient content of
these waters fuel biological productivity in these regions where the
biologic pump can sequester carbon through sedimentary carbon
burial, a process active both today and in the geologic past
(Sarmiento et al., 2004; Cortese et al., 2004; Etourneau et al., 2012;
Winckler et al., 2016).

During the ‘Plio-Pleistocene climate transition’, which is the
gradual climatic change from Pliocene greenhouse conditions to-
wards the onset of Northern Hemisphere Glaciation, resulting in
larger and bipolar glacial cycles since around 3 Ma, several studies
have proposed that there is a linkage to increased subsurface de-
livery of cooler, nutrient-rich waters from the Southern Ocean via

AAIW to lower-latitude upwelling sites (Marlow et al., 2000;
Lawrence et al., 2006; Etourneau et al., 2009, 2012). These nutrients
would have fuelled primary productivity of diatoms and resulting
in enhanced CO; uptake in these regions during this Plio-
Pleistocene cooling period between 3 and 2 Ma (Etourneau et al.,
2012). Moreover, by ~1.8 Ma, distinct cooling of AAIW source re-
gions has been linked to a coeval cooling of the equatorial East
Pacific Ocean, indicating that AAIW may have directly cooled this
region by upwelling as a result of increased wind speeds (Martinez-
Garcia et al., 2010).

At the same time it has been suggested that the Southern Ocean
upwelling of CDW and AAIW formation considerably strengthened
(McKay et al., 2012; Hill et al., 2017). There is evidence for polar sea
surface cooling close to Antarctica and sea ice extension in the Ross
Sea around 3.3 Ma, as recorded by sediment core AND-1B in the
Ross Sea and other opal records (a proxy for ocean stratification)
from the Atlantic sector of the Southern Ocean such as ODP Site
1096 (McKay et al., 2012; Hillenbrand and Cortese, 2006; locations
in Fig. 1). Cooling of mid-polar latitudes compared to the tropics
caused an increase in the meridional temperature gradient,
resulting in increased zonal westerly wind speeds (Brierley et al.,
2009; Fedorov et al., 2013), which in turn was likely important
for AAIW formation and subduction (Wainer et al., 2012 and refs
therein). In fact, climate model simulations (Hill et al., 2017) show
that expanded Ross Sea sea ice extent invigorated and broadened
austral westerly wind circulation. The stronger westerlies pro-
moted vertical mixing of water masses in the Southern Ocean and
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enhanced upwelling of CDW (Hill et al., 2017). The same relation-
ship, that is, between increased westerly wind speeds and
increased circulation in the Southern Ocean, has been suggested by
an eddy-resolving simulation for the present-day (Bishop et al,,
2016).

Despite these climate simulation studies and proposed changes
in AAIW provenance and properties across the Plio-Pleistocene
climate transition, there are until now no proxy records of late
Neogene changes in AAIW in the Atlantic Ocean. To elucidate both
the development of AAIW in the South Atlantic Ocean and the
telecommunication of AAIW with subtropical upwelling regions,
we here present the first proxy records of Atlantic AAIW over the
last four million years. Using sediments from South Atlantic DSDP
Site 516, we present a multiproxy approach that tracks water mass
provenance using neodymium (Nd) isotope ratios in Fe-Mn
encrusted foraminifera, bottom water temperatures (BWT) from
benthic foraminiferal (Uvigernina peregrina and Cibicidoides wuel-
lerstorfi) Mg/Ca, and salinity derived from benthic oxygen isotopes
and the Mg/Ca-derived BWT.

2. Materials and methods

2.1. Benthic stable isotope and Mg/Ca analysis of Site 516 and 516
(A)

For preparation of samples for 580 and Mg/Ca analyses we
followed previous studies (Karas et al., 2009, 2017). Our Site 516
samples span the time period over the last 4 Myr. We used the
>250 pm size fraction. Each sample represents 4—34 specimens of
Uvigerina peregrina. The samples were gently crushed and visually
separated under a microscope. Approximately two-thirds of each
initial sample was used for Mg/Ca analyses with one-third reserved
for stable isotope analyses. One to three specimens of Cibicidoides
wuellerstorfi from Site 516 were used for stable isotope analyses.
Stable isotope analyses (8'80) at Site 516 were conducted at
Lamont-Doherty Earth Observatory (LDEO) on a Thermo Delta V
Plus stable isotopic ratio mass spectrometer with a Thermo Kiel IV
carbonate device. The long-term analytical precision for 3'%0 is
+0.06. All 3'80 values of C. wuellerstorfi were corrected by +0.64%o
(Duplessy et al., 1984).

Site 516A samples span the time period of ~2.8—4 Myr. We
performed Mg/Ca analyses using 9—32 specimens from U. peregrina
or C. wuellerstorfi. All cleaning before Mg/Ca analyses included a
reductive step (Barker et al., 2003). Elemental analyses of forami-
niferal specimens were carried out at LDEO on a ThermoFisher
iCapQ 6500 quadrupole ICPMS. Long-term Mg/Ca analytical
reproducibility for an internal standard was +0.09 mmol/mol (3.6%)
with an accuracy of 0.8%.

Following previous down-core studies from the Plio-Pleistocene
in the Southern Hemisphere (McClymont et al., 2016; Elmore et al.,
2015) we wused a species-specific temperature calibration
(Elderfield et al., 2006), Mg/Ca = 0.9 exp (0.11T), to transfer Mg/Ca
values of C. wuellerstorfi into BWT. For the calculation of Mg/Ca
values of U. peregrina into BWT we used a species-specific cali-
bration (Elderfield et al., 2010), Mg/Ca=1 + 0.1 T (0.1 mmol/°C).
Accounting for our analytical error of 0.09 mmol/mol, we estimate a
total propagated error of approximately +1 °C. The preservation of
foraminiferal tests at Site 516A has been discussed previously and
was suggested to be very good, with negligible dissolution effects
on foraminiferal Mg (Karas et al., 2017). The effect of temporal
changes in Mg/Ca of seawater on the Mg/Ca of specific benthic
species is still unclear and different species might have different
Mg/Ca seawater - Mg/Ca test relationships (Evans et al., 2016). Es-
timations of differences in Mg/Ca derived BWT reconstructions for
the Pliocene indicate they are small, ranging from no significant

changes for the BWT of U. peregrina to an underestimation of ~1°C
for BWT of other species (Evans et al., 2016). Hence, we do not
further correct our initial benthic Mg/Ca ratios but note that our
Pliocene benthic temperatures might be slightly underestimated.

2.2. Nd isotope analyses

For ¢eNd analyses we selected approximately 25—40 mg of mixed
foraminiferal species (>1000 specimens) from the 250—315 pum size
fraction. Samples were crushed between two glass plates under a
microscope. In order to avoid measuring non-authigenic Nd carried
by detrital phases detrital phases (e.g., Wilson et al., 2013; Elmore
et al., 2011), prior to dissolution all samples were ultrasonically
cleaned and rinsed with methanol and MilliQ® water until they
were visibly free of detrital material, while Fe-Mn oxides were not
removed. After dissolution in 1N HNOs3 and ultrasonication, sam-
ples were centrifuged for 2—3 min and Nd was separated using
Eichrom Tru-Spec and Ln-Spec resins. Neodymium isotope ratios
were measured on a ThermoScientific Neptune-Plus® multiple
collector inductively coupled plasma mass spectrometer (MC-
ICPMS) at LDEO. Instrumental mass bias was corrected using
146N d/144Nd = 0.7129 using an exponential mass fractionation law.
All sample measurements were bracketed by measurements of the
JNdi standard (20 ppb) to monitor instrumental drift, and corrected
to a value of 3Nd/'#*Nd = 0.512115 for JNdi (Tanaka et al., 2000).
The mean error of 28 JNdi standards is +0.000013 (26 ppm; 20-
standard deviation), equivalent to + 0.26 ¢Nd-units (2c). External
reproducibility is expressed as a combined error of the JNdi error
and an internal error and is +0.38 (25) for 21 samples (see Table S1).
Nd isotope ratios are reported as *3Nd/"*4Nd and as eNd, the de-
viation of the #3Nd/™*Nd ratio of the sample in parts per 10% from
0.512638, an estimate of the average value of chondrites (Jacobsen
and Wasserburg, 1980) ((i.e. [(143Nd/l44Ndsample/O.512638) -1)
*104]). Data are listed in Supplementary Materials (Table S1).

2.3. Establishing an age model for Site 516

For establishing a robust age model for Site 516 we followed the
procedure of earlier studies using the mbsf (meters below sea floor)
scale, as spliced records do not exist for DSDP core sites (Karas et al.,
2009, 2017). Accordingly, due to several potential coring problems
in the beginning of each core segment we omitted mbsf depths
when they overlapped (Karas et al., 2017). Sediment recovery was
84—100% in the sampled cores (Barker et al., 1983).

In a first step, selected depths of foraminiferal and calcareous
nannofossil datums were obtained over the last 5 Myr (Barash et al.,
1983; Berggren et al., 1983) and ages were updated to the astro-
nomically tuned Neogene time scale (ATNTS; Lourens et al., 2004)
(the age-depth plot is given in Fig. 2a). For establishing an initial
age-depth relationship we gave preference (if available) to the
nannofossil biodatums.

To refine the initial age model during the time period 3.86—0
Myr we produced a mixed benthic 880 record of C. wuellerstorfi
and U. peregrina. In the cases of having data from both species in a
sample we calculated an average value. The resulting benthic
isotope record was matched to global LR04 stack (Lisiecki and
Raymo, 2005) with Analyseries2 (Paillard et al., 1996) (Fig. 2b).
The correlation coefficient between both is ~0.7.

2.4. Error estimation of the age model

Between 3.86 and 0 Ma our refined age-depth relationship falls
within available biostratigraphic control (Barash et al., 1983;
Berggren et al., 1983) indicating that the initial biostratigraphy only
needed small adjustments using the benthic isotope stratigraphy
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Fig. 2. Age model of Site 516. a) Foraminiferal biodatums for the time period 3-0 Ma
(black crosses; Barash et al., 1983), for the time period 5-2 Ma (black x, Berggren et al.,
1983) and nannofossil biodatums (Berggren et al., 1983) (red dots). The final age-depth
relationship after tuning our benthic isotope record from Site 516 to the global benthic
LRO4 stack (Lisiecki and Raymo, 2005) between 0 and 3.86 Ma (red line). b) Benthic
isotope record from Site 516 (mixed C. wuellerstorfi and U. peregrina record; red) after
tuning to the global benthic LR04 stack (Lisiecki and Raymo, 2005; blue). C) Com-
parison of benthic isotope records from Site 516 (mixed C. wuellerstorfi and
U. peregrina; red) and C. wuellerstorfi record from Site 516A (Karas et al., 2017; light
blue). Error bars are indicated (see methods). (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)

(Fig. 2a and b). This supports the general robustness of our age
model. Between 3.9 and 3.0 Ma our benthic !0 record approaches
obliquity-scale age resolution with an average resolution of ~44 kyr
(25—102 kyr). The resulting age-depth model during this time is
further supported by an existing benthic isotope stratigraphy age
model at Site 516A (Karas et al., 2017) which shows good agreement
(Fig. 2¢). For the last 3 Myr, our benthic 3'80 record has on average a
lower resolution of 138 kyr (90—297 kyr; Fig. 2b). This uncertainty
however, is reduced as during the last 2 Ma the planktonic fora-
miniferal biostratigraphic data were obtained every 20—25cm
(Barash et al., 1983), which translates into a resolution of 50—62 kyr.
Diachronous foraminiferal datums might increase absolute errors.

Between 4.7 and 4.0 Ma, our age model shows a good linear

continuation of the earlier time period (Fig. 2a) and is constrained
by available nannofossil biodatums, which also leads to a good
solution through the foraminiferal biodatums (sample space of
biodatums are 1.5 m; Berggren et al., 1983; equivalent to 117 kyr
time resolution).

2.5. Calculation of 6"®Oseqwater and 6®0c_seawater

The calculation of 3'80scawater from paired Mg/Ca and 3'80 an-
alyses for the whole record of Site 516 uses a well-known equation:
T=169 - 438 x (alsoforam‘ 5lsoseawater) + 0.1 x (6180f0ram -
3'80gcawater)® (Fig. 3a,b,c; Shackleton, 1974). For the calculation we
used bottom Mg/Ca temperatures from U. peregrina (T) and a mixed
3180 record from U. peregrina and C. wuellerstorfi (Fig. 3a and b).
Benthic foraminiferal 3'%0 (PDB scale) were adjusted to the SMOW
scale by adding 0.27%o (Hut, 1987). This correction accounts for
different fractionations when dissolving carbonate in acid (PDB
scale) vs. equilibrating CO, in water (SMOW scale; Hut, 1987). As
the global ice volume changed considerably over the last ~4 Ma (e.g.
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Fig. 3. Calculation of 3"®0eawater and 3"®0yc.seawater at Site 516. a) Benthic 3'%0 (blue)
and b) Mg/Ca temperatures (black) were used to calculate ¢) 3'®Ogeawater from Site 516
(black) and ice-volume corrected 80y c.seawater (blue). 30 c-seawater Was obtained by
subtracting d) an estimation of the global ice volume change (de Boer et al., 2014). Error
bars are indicated (see methods). (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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Lisiecki and Raymo, 2005) and we are interested in regional salinity
changes, we decided to correct our initial 8'®Ogeawater OVer this time
for the changes in global ice volume. For an estimation of changes
in global ice volume we here used a record based on a model
simulation (de Boer et al., 2014, Fig. 3d). This model simulation
calculated the ice volume component of the global LRO4 stack
(relative to present; Lisiecki and Raymo, 2005) by simulating ice
sheet extents in the Northern and Southern Hemispheres (de Boer
et al., 2014, Fig. 3d). We subtracted this global ice volume estima-
tion from our initial 8'®0geawater record to obtain ice-volume cor-
rected (3'80c_seawater) Values (Fig. 3c and d). The propagated error
for calculating 3'®0seawater is about +0.27%o (mainly due to a tem-
perature error of +1 °C). We expect a similar error for our 380 c.
seawater Values, as our global ice volume estimation is based on a
model simulation (de Boer et al., 2014).

2.6. Calculation of opal mass accumulation rates (opal MAR) from
Site 745

For calculating Opal MAR from Australian-Antarctic Basin Site
745 we updated data from an earlier study (Billups et al., 2013).
Opal fluxes were calculated as the product of opal fraction data
(from Ehrmann and Grobe, 1991), dry bulk densities (data from
Barron and Larsen, 2005), and interval sedimentation rates. For
calculating the sedimentation rates we updated an existing age
model (Billups et al., 2013). All magnetic reversal age control points
were updated to the ATNTS 2004 age scale (Lourens et al., 2004),
and in cases of representing short intervals we calculated average
values. Finally, the revised age model was created based on simple
interpolation between the control points.

3. Results and discussion
3.1. Interpretation of eNd signatures of Site 516

The main source of the Nd in the foraminifera is authigenic Fe-
Mn-oxide on the foraminiferal tests. While diagenetic porewaters
can influence the ¢Nd signatures on foraminiferal tests, especially
in regions with high input of volcanic ashes like in the North Pacific
close to Alaska (e.g. Abbott et al., 2015; Du et al., 2016), extracted
eNd signatures from foraminifera from many (South) Atlantic sites
have been shown to faithfully record ancient bottom water masses
in different ocean settings (e.g. Rutberg et al., 2000; Piotrowski
et al., 2004, 2005; 2008; Roberts et al., 2010; Kraft et al., 2013)
and in the region of Site 516 at the Brazil margin during the last 25
ka (Howe et al., 2016). The Plio-Pleistocene sediments at Site 516
consist of homogeneous light calcareous sandy-oozes (almost
entirely foraminifera and coccolithophorides) with only small
amounts of clay minerals, and show very low sedimentation rates
over the last 3 Ma (0.4 cm/kyr), (Zimmermann, 1983). Regions with
such low sedimentation rates, oxic conditions, low organic carbon
and carbonate determined environments have been shown to be
insensitive to pore water alteration on for earth elements and Nd
isotope ratios (Martin and Haley, 2000; Osborne et al., 2017).
Moreover, Fe/Ca and Mn/Ca values from non-reductively cleaned
planktic foraminifera (an indicator for terrigenous input/diagen-
esis) show low values of less than 1 mmol/mol for the Pliocene at
Site 516A (2.7—5.7 Ma; Karas et al.,, 2017). The youngest eNd-values
at Site 516 of around —7.3 correspond (within errors) to present-
day published seawater values from AAIW in the South Atlantic
and the Southern Ocean sector of the Atlantic Ocean that show on
average eNd of around —8 (Jeandel, 1993; Stichel et al., 2012). Also,
Holocene coretop foraminiferal eNd from the Brazil margin from a
similar AAIW water depth and location as Site 516 show values
around —8 (Howe et al., 2016, Fig. 4a). Hence we interpret the eNd
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Fig. 4. Identifying glacial, interglacial and data point in between. a) Foraminiferal
eNd from Site 516 (red). b) benthic (U. peregrina) Mg/Ca-derived temperatures from
Site 516 (black). c) benthic (mixed U. peregrina and C. wuellerstorfi) 3'®0 record from
Site 516 (black) and global benthic LR04 stack (Lisiecki and Raymo, 2005; red). I=
Interglacial; G = Glacial; G/I=data point in between. Error bar for eNd-values is
indicated as red bar. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)

as reflecting ancient bottom water signals.

At Site 516 we see significant changes in eNd over the Plio-
Pleistocene (~2 eNd-units, Fig. 4a). During the warm Pliocene in-
terval between 4.7 and 3.0 Ma, we observe a trend toward higher
eNd-values, with maximum values of about —5.5 at ~3 Ma (Fig. 4a).
Over the last 3 million years, Site 516 eNd-values become markedly
lower, reaching the ‘modern-property’ AAIW values of —7.3. Our
Plio-Pleistocene trend over the last 3 Ma signals important water
provenance changes occurring coeval with major global climatic
changes, including the onset of Northern Hemisphere Glaciation
and global cooling (Fedorov et al., 2013; Lisiecki and Raymo, 2005;
Mudelsee and Raymo, 2005).

A recent study (Howe et al., 2016) of the last glacial/interglacial
from the same region (the Brazil margin) and similar depths found
a range of values of slightly more than ~1 eNd unit, which is about
half of the change we observe across the Plio-Pleistocene. Thus,
given that the temporal resolution of our study does not resolve
glacial-interglacial periods, we carefully examined the time period
represented by single data points to determine if these eNd data
(also using BWT in Fig. 4b for comparison) are within glacials, in-
terglacials or are in between, in order to rule out a possible bias
through the selection of samples.

Our low sedimentation rates over the last 3 million years means
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that each eNd sample (2 cm) integrates a minimum average time
period of ~5 ka. Due to bioturbation and occasional rotary coring
disturbance, we estimate on average a time resolution of approxi-
mately 5—10 ka. This means our eNd signatures from Site 516
represent average bottom water signals either of interglacials,
glacials or are a mixed glacial-interglacial time signal (Fig. 4a).

To infer which intervals our eNd signatures represent, we
compared our Site 516 benthic 3'30 record with the global LR04
stack (Lisiecki and Raymo, 2005) (Fig. 4a, c). The comparison with
the LRO4 stack gives an indication of typical glacial and interglacial
values for our eNd signatures within a maximum error of about 100
ka (due to our age model). The comparison with our 3'80 record
from the same site has helped to clarify if an eNd value matches
with glacials, interglacials or mixed glacial-interglacials (Fig. 43, c).
The comparisons show that the ¢Nd signatures represent a good
mix of glacials/interglacials over the critical time period 0—3 Ma
(Fig. 44, c). Further, over this critical time period there is on average
almost no difference in eNd signatures between glacials (—-6.3; 3
data points) and interglacials (—6.2; 4 data points). Hence, although
we present a low-resolution eNd record for the last 3 million years,
we are confident that it is not significantly biased by over selection
of glacial or interglacial time periods. Therefore we propose it is
reasonable to interpret our record as reflecting long-term trends.

3.2. Reconstruction of the provenance of bottom waters over the
Plio-Pleistocene using eNd signatures

To explore contributions from Southern Ocean, North Atlantic
and Pacific water mass sources, we compare our Site 516 eNd record
with deep-sea ferromanganese crusts from other sites tracking
water masses at depths below AAIW, namely CDW in the Atlantic,
Pacific, and Indian Ocean sectors of the Southern Ocean, NADW
(discussed in section 3.6) and Central Pacific Waters (Figs. 1 and 5;
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Fig. 5. Plio-Pleistocene Fe-Mn-oxide encrusted foraminiferal ¢Nd from Site 516 in
comparison with other coeval ferromanganese crust eNd data from different ocean
basins. a) eNd from west and central Pacific crusts D11-1 (light blue; Ling et al., 1997,
1800 m water depth) and VA13-2 (gray; Abouchami et al., 1997; 4800 m water depth).
b) Foraminiferal eNd from Site 516 (red), within the present influence of AAIW. c) eNd
crust records from the deep Southern Ocean (all from Frank et al., 2002): Vulcan 5
(light gray; water depth: 3690—3900 m), DR-153 (blue; 3300-3150 m water depth) and
MW8801 (black; 3993 m water depth). d) eNd crust data from the North Atlantic:
BM1969 (Burton et al., 1997, 1829 m water depth). The shaded area indicates the time
interval of the development of modern- AAIW. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)

and Frank et al., 2002; Ling et al., 1997; Burton et al., 1997;
Abouchami et al., 1997). Values from the North Atlantic and Pacific
crusts serve to constrain long-term changes in endmembers as each
data point represents an average value over longer time periods.
For instance, each data point from Vulcan 5 represents 81 kyr
(Frank et al., 2002) and individual data points from other sites may
represent several 100 s kyr (Frank et al., 2002; Ling et al., 1997). In
case of site VA13-2 some data values integrate over up to 1.6 Myr
(Abouchami et al., 1997).

The Southern Ocean Fe-Mn crust records are located close to the
polar front where watermasses of different ocean basins mix to
form a homogenous CDW end member signal (Frank et al., 2002;
Stichel et al., 2012). They show eNd-values for CDW of —7 to —8
throughout the time interval between 4.7 Ma and today (Fig. 5c;
Frank et al., 2002) suggesting that the time-integrated signal in
these deep Southern Ocean areas remained rather constant.

The comparison of the CDW records and the intermediate depth
waters at Site 516 documents pronounced differences between
their eNd-values between 4.7 and 3 Ma, with Site 516 values higher
by ~2.5 or so eNd-units at ~3 Ma (Fig. 5b and c; Frank et al., 2002).
These conditions change after 3 Ma when eNd-values at Site 516
start to become more negative, reaching modern values and
simultaneously converging on CDW values over the last ~500 ka
(Fig. 5b and c). The similarity of eNd-values of AAIW and CDW in the
present-day reflects the extensive mixing of waters in the Southern
Ocean where AAIW is formed (Stichel et al., 2012). There, CDW
waters almost reach the surface, leading to an almost homogenous
eNd signature from subsurface to abyssal depths (Piepgras and
Wasserburg, 1982; Stichel et al., 2012). Hence, we interpret the
evolution of eNd-values at Site 516 after 3 Ma, culminating in the
convergence with CDW values near 500 ka, as the result of
strengthened mixing and upwelling near the Polar Front down to
CDW depths.

Between 4.7 and 3.0 Ma, the distinct difference in the eNd-
values of CDW, as reflected by the Fe-Mn crusts and the more
positive eNd-values of ‘proto-AAIW’ at Site 516 (Fig. 5b and c),
means that these mixing processes were significantly reduced or
absent, and instead the proto-AAIW was formed in a more stratified
water column in the Southern Ocean. The more positive eNd-values
in the intermediate water indicates that Pacific-derived water was
overlying CDW. The offset of the eNd records shows Site 516 ¢Nd-
values as high as —5.5, CDW eNd-values of —7 to —8 (Frank et al.,
2002), and Central Pacific eNd-values of —3 to —4 (Ling et al,,
1997; Abouchami et al., 1997, Fig. 5a, b, c¢). During these times we
speculate that Pacific waters entered the southwest Atlantic at
shallower depths through the Drake Passage without (or with mi-
nor) deep upwelling of CDW. Hence, AAIW with a deep CDW
source, as we know it today, did not yet exist in the southern
Atlantic Ocean prior to 3 Ma. The only exceptions before this time at
Site 516 are the relatively negative eNd-values of —7 at ~3.4 Ma and
~4.7 Ma. These episodes showing low ¢Nd may suggest deeper
mixing of CDW at the Pacific Polar Front, as during the time period
around 2—3 Ma. However, these changes were short-lived and not
sufficient to reach a modern-property CDW signature.

3.3. External eNd from eolian dust or Antarctic shelf waters?

One possible explanation for the decreasing Plio-Pleistocene
eNd offset between Site 516 and the Circumpolar Fe-Mn crusts in
Fig. 5b and c (Frank et al., 2002) is addition of external Nd to the
subpolar formation area of AAIW. For example, it has been sug-
gested that the ¢Nd of seawater is sometimes changed by dissolu-
tion of Nd in eolian dust (Rickli et al., 2010). This option, however is
unlikely at Site 516. First, AAIW is formed in the open ocean far
from large continental dust source areas. Second, during the
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present-day and the last few glacial cycles Antarctic dust and
Patagonian sediments/dust show much more positive eNd-values
of —4 to +1 (e.g. Delmonte et al., 2008 and refs. therein). As the
atmospheric wind circulation strengthened from the warm Plio-
cene towards the cooler Pleistocene (Brierley et al., 2009), we
would expect a trend to more positive values during this time,
which is opposite to the pattern we observe.

Similarly, a significant addition of eNd from Antarctic shelf wa-
ters is an unlikely explanation for the observed Plio-Pleistocene
trend toward more negative eNd. Present-day shelf waters around
Antarctica are highly variable (with eNd between +2 and —27 from
West to East Antarctica; Lambelet et al., 2018); this variability is
homogenized by vigorous mixing within the Antarctic Circumpolar
Current and practically does not reach CDW, which is the main
source of present-day AAIW (Carter et al, 2012). CDW in the
Southern Ocean shows very homogenous values of —8 to —9 (Carter
et al., 2012; Stichel et al., 2012; Lambelet et al., 2018) comparable to
the Plio-Pleistocene long term eNd crust data from sites in the deep
Southern Ocean (Frank et al., 2002, Fig. 5c¢).

Also during the warm Pliocene, it is difficult to reconcile
northward subduction of a radiogenic eNd signal from the Antarctic
shelf towards the intermediate waters at Site 516. The northward
transport of such a signal from the far south would be difficult due
to the reduced westwind strength (e.g. Brierley et al., 2009). Hence,
the more straightforward explanation for our observed more
radiogenic eNd during the Pliocene is a simple inflow of more
radiogenic Pacific water masses with minor upwelling of CDW.

3.4. A comparison with opal MAR from Site 745

The shift from more stratified waters towards greater upwelling
of CDW in the Southern Ocean over the last ~3 Ma, indicated by the
Site 516 eNd record, is supported by an Opal MAR record from
Australian-Antarctic Basin Site 745 (Fig. 6a and b). This site is
presently located south of the Polar Front in the Southern Ocean
(60°S, 86°E; for location see Fig. 1) where upwelling of CDW rea-
ches the near-surface (Billups et al., 2013). High opal burial flux
values can be interpreted to record greater surface productivity
related to upwelling of nutrient-rich CDW. Opal production at this
site is not affected by sea ice formation (in contrast to Antarctic Site
1096) as this site is currently mostly located within ice-free waters
(Billups et al., 2013 and refs therein). Hence we interpret this Opal
MAR record as a proxy for upwelling of CDW south of the Polar
Front (Anderson et al., 2009; Billups et al., 2013). During the Plio-
cene when our eNd from Site 516 show high values, the deeper Site
745 Opal MAR values reflect reduced upwelling prior to 3 Ma
(Fig. 6a and b). During these times high diatom productivity and
related upwelling was restricted to regions near the coast of the
Antarctic continent (Cortese et al., 2004; Hillenbrand and Cortese,
2006; Billups et al., 2013). During the Plio-Pleistocene, after about
3 Ma, our Site 516 ¢eNd data exhibit more negative values consistent
with greater CDW influence, and Site 745 Opal MAR values in-
crease, suggesting increased upwelling of nutrient-rich CDW south
of the present Polar Front (Fig. 6a and b).

3.5. Emergence of AAIW water temperatures and salinity

BWT and salinities (3'®0yc.seawater) from Site 516 complete the
picture of oceanographic changes in the Southern Ocean and the
development of modern-property cold, fresh AAIW (Fig. 6¢c and d).
Our Site 516 U. peregrina temperature record shows a good agree-
ment with our mixed species temperature record (C. wuellerstorfi or
U. peregrina) from Site 516A during the time period of overlap
(~4—2.8 Ma; Fig. 6d) suggesting acceptable reproducibility between
species and Holes. Prior to 3 Ma, bottom waters at this Site (1313 m)
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Fig. 6. Proxy data from different Sites during the Plio-Pleistocene. a) Fe-Mn
encrusted foraminiferal eNd from Site 516 (red) and alkenone-derived SST from Site
1125 (light gray; Herbert et al., 2016). b) Opal MAR from Site 745 (purple; see methods
for details). c) Benthic 8'80yc_scawater-values from Site 516 (blue) d) Benthic (U. peregrina)
Twmg/ca from Site 516 (black), mixed benthic (U. peregrina and C. wuellerstorfi) Tyg/ca
from Site 516A (blue) and benthic (U. peregrina) Tmgca from Pacific Site 593
(McClymont et al., 2016; dotted line). e) Atmospheric CO, reconstruction based on
foraminiferal boron isotopes (Hoenisch et al., 2009; Martinez-Boti et al., 2015). During
~2-0 Ma: light gray (35), minimum and maximum estimations; During ~3.3—2.3 Ma:
gray (36). f) Alkenone-derived sea surface temperature changes from Benguela up-
welling Site 1084 (Marlow et al.,, 2000; red). Error bars are indicated (see methods).
Timings of Antarctic sea ice extension are indicated. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the Web version of this
article.)

were ~7—10°C, or roughly 5—6°C warmer than modern values
(~3°C; Locarnini et al., 2010). After 3 Ma, BWT decreases and
modern BWT are attained only by 1.0—0.5 Ma (Fig. 6d). Our
reconstructed 3'80yc_seawater-values indicate more saline bottom
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water conditions prior to 3 Ma (Fig. 6¢). Along with AAIW cooling,
decreasing eNd-values, and increasing Opal MAR at Site 745 after
3 Ma, our Site 516 benthic 380 c_seawater Values further indicate a
pronounced freshening of ~1%o (Fig. 6a,b,c,d) after this time.

The warmer and more saline Atlantic intermediate waters prior
to 3 Ma support our interpretation of reduced vertical mixing and
upwelling of CDW near the Polar Front and a direct inflow of
Pacific-sourced intermediate water, resulting in a warmer, more
saline proto-AAIW than today (Fig. 7a). After 3 Ma, Atlantic inter-
mediate waters became cooler and fresher which we interpret to
reflect a gradual emergence of modern-property AAIW due to
increased vertical mixing near the Polar Front (Fig. 7b).

Global paleoceanographic records support this view. Pliocene
alkenone-derived sea surface temperature (SST) reconstructions
from the mid-latitudes of the South Atlantic and Pacific oceans
(Sites 1125, 1090 and 1088; Herbert et al., 2016; Martinez-Garcia
et al,, 2010) document SSTs that were 5—6 °C warmer than today.
Southern Hemisphere westerly wind speeds were significantly
reduced at the Subantarctic Front at southeast Atlantic ODP Sites
1091 and 1090 (Hillenbrand and Cortese, 2006; Martinez-Garcia
et al., 2011). Model simulations also suggest reduced subtropical
and subpolar zonal atmospheric streamflow associated with
reduced Pliocene temperature gradients between the poles and the
tropics and widely expanded tropics and subtropics (Brierley et al.,
2009; Fedorov et al., 2013). Consequently, northward Ekman
transport of proto-AAIW waters, which is driven by the westerlies,
would have been considerably weakened during the warm Pliocene
as well.

The warmer, saltier properties of Pliocene AAIW are consistent
with Antarctic sea ice proxy records. Sediment core AND-1B from
beneath the Ross Ice Shelf indicates distinctly less sea ice (based on
ice diatoms), and warmer sea surface conditions of ~2—4 °C (based
on TEX SST) during the warm Pliocene (McKay et al., 2012, location
is in Fig. 1). Less sea ice is also indicated by high amounts of
biogenic opal in Antarctic ODP Sites 1096 and 1095 (Hillenbrand
and Cortese, 2006). This less sea ice was simulated to reduce up-
welling of CDW in the Southern Ocean (Hill et al., 2017). Conse-
quently, the warmer, reduced Antarctic sea ice extent conditions
during the Pliocene were not favorable for producing modern-
property AAIW (Evans et al.,, 2018; Pellichero et al., 2018). Today,
seasonal advances and retreats of sea ice are working as a circulator
pump promoting upwelling of CDW and the formation of relatively
fresh and cold AAIW (Evans et al., 2018; Pellichero et al., 2018). The
relative freshness of AAIW is thereby mostly due to seasonal
melting of sea ice (Pellichero et al., 2018; Evans et al., 2018) which
can be expected to be almost absent during warm Pliocene

conditions. Hence, we can explain our observations of more saline
intermediate water conditions at Site 516 during the Pliocene
compared to the Pleistocene. Additionally, the reduced northward
circulation of these intermediate waters towards Site 516 might
have resulted in an increased imprint of the surrounding more
saline South Atlantic waters.

3.6. Tracing southern-sourced intermediate waters at Site 516:
evidence from eNd, Mg/Ca bottom temperatures, and salinity
changes

Together with our bottom temperature and salinity re-
constructions, we also can constrain that we are not monitoring
regional shallower (sub-) surface waters at Site 516 and/or deeper
NADW from the north. Between 4 and 3 Ma, bottom temperatures
and salinities are high (8-10 °C; 1—1.5%0) and eNd-values are high
(up to —5.5; Fig. 6a,c,d). Whereas high temperatures and high sa-
linities are compatible with a greater influence of regional shallow
waters, the high eNd-values are inconsistent with this scenario and
rather suggest a Pacific source. Shallow waters (~500 m water
depth) near Site 516 in the present-day show very low eNd-values
of —12 (Wu, 2019), even more negative than the Circumpolar Fe-
Mn crusts. These negative shallow water eNd-values reflect input
of Nd from regional continental sources and can be expected to
persist as sources of shallow water eNd signatures through the
entire time period.

During the Plio-Pleistocene cooling interval between 3 and
0 Ma, the trend toward more negative eNd-values at Site 516 could
also be interpreted to indicate an increased influence of NADW
waters from below. Similar trends, for example, are seen at Site 516
and in the North Atlantic record of Fe-Mn crust BM1969 (Fig. 5b,d;
and Burton et al., 1997), which is bathed in NADW. However, our
reconstructed bottom salinities at Site 516 show a pronounced
freshening, which is in clear contrast to increased NADW influence,
as NADW is a saline water mass, significantly more saline than
AAIW. Hence, most likely we observe two developments that have
taken place independently since ~3 Ma. In the Southern Ocean,
there is an increased vertical mixing of less radiogenic CDW and the
onset of the modern-property fresh and cold AAIW. In the North
Atlantic, the trend to more negative eNd signatures likely reflects an
endmember change of eNd of NADW. The amplified Northern
Hemisphere Glaciation increased contributions from Archean and
Proterozoic shield regions surrounding the North Atlantic basin
(Frank et al., 2002). Increased weathering and amplified input of
such detritus into the North Atlantic would result in more negative
eNd.
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Fig. 7. Schematic overviews of the formation of AAIW during the Plio-Pleistocene. a) The situation during the warm Pliocene (4-3 Ma), with more stratified waters near the
Polar Front, overflow of Pacific Waters (PW) into the South Atlantic Ocean, and warmer and more saline proto-AAIW. Contributions from Circumpolar Deep Water (CDW) were low
or absent. b) The development of modern cooler and fresher AAIW during the last 3 Ma, with the onset of deep vertical mixing and upwelling of nutrient rich CDW near the Polar
Front and increased uptake of atmospheric CO,. The drawings are based on information of this and other studies (Sarmiento et al., 2004; McKay et al., 2012; Hill et al., 2017;
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reader is referred to the Web version of this article.)
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Our conclusion that the eNd-values of Site 516A mainly reflect a
signal from the South Pacific or the Southern Ocean is further
supported by a comparison with an alkenone-derived SST from
Southwest Pacific ODP Site 1125 (Fig. 6a; Herbert et al., 2016). Our
eNd-values show a good accordance with alkenone-derived SST
over the Plio-Pleistocene. The location of Site 1125 (42°S, shown in
Fig. 1) is close to the Subtropical Front, which is the northern limit
for subantarctic waters, and therefore likely to show sensitivity to
climate changes in the Southern Ocean. Especially before 3 Ma,
when temperatures at Site 1125 are high, Site 516 shows higher
eNd-values. Conversely, when SST from Site 1125 shows a distinct
cooling trend after 3 Ma, eNd-values from Site 516 show a similar
decreasing trend (Fig. 6a; Herbert et al., 2016). These relationships
make sense, because with colder temperatures in middle-to-high
southern latitudes during the Plio-Pleistocene there was a greater
temperature difference between low and high latitudes, causing
stronger westerlies (Brierley et al., 2009; Fedorov et al.,, 2013).
Along with significantly increased Antarctic sea ice compared to the
warm Pliocene, this in turn would enhance deep vertical mixing in
the Southern Ocean (McKay et al., 2012; Hill et al., 2017; Evans et al.,
2018; Pellichero et al., 2018). This could explain how the more
negative eNd-values of CDW could be entrained into AAIW and
transported towards Site 516. This hypothesis also allows for the
short intervals at around 3.4 and 4.7 Ma, when relatively low eNd-
values at Site 516 seem to occur at the same time as lower tem-
peratures at Site 1125 (Fig. 6a; Herbert et al., 2016).

3.7. Global cooling and the role of AAIW for atmospheric CO;

Major global cooling began ~2 million years earlier than the
development of modern AAIW in the Atlantic Ocean. Its effects
included increased meridional surface ocean temperature differ-
ences, cooling of surface waters at subtropical upwelling regions in
the Northern and Southern Hemispheres, and shoaling of the
equatorial east Pacific thermocline, leading to the establishment of
a temperature difference between the east and west Pacific
(Fedorov et al., 2013; Steph et al., 2010). This time difference sup-
ports previous studies indicating that a climate threshold was
reached at ~3 Ma, with increased Antarctic sea ice cover, meridional
temperature gradients, and invigorated Southern Ocean
geostrophic circulation (McKay et al., 2012; Hill et al., 2017),
culminating in the emergence of modern-property AAIW in the
Atlantic Ocean. This is expressed by colder and fresher AAIW, and
converging eNd-values towards CDW water masses at Site 516
(Fig. 5b and c; 6¢,d). The influence of inflow of warmer and more
saline intermediate Pacific-sourced water diminished, and instead
enhanced deep vertical mixing at the Polar Front in the Pacific
sector emerged. This and increased subduction of fresh and cold
waters at the Polar Front resulted in fresher and colder conditions.

The cooling trend that followed during the Plio-Pleistocene,
recorded by intermediate water masses in the Atlantic Ocean, is
not limited to the Atlantic, as a similar trend (inferred from benthic
U. peregrina Mg/Ca) has been observed in the southwest Pacific at
DSDP Site 593 (McClymont et al., 2016, Figs. 1a and 6d). This in-
dicates that modern AAIW circulation likely started to develop in
both ocean basins, however slightly earlier at Site 593 at ~3.3 Ma
(McClymont et al., 2016). However, that study did not reconstruct
source water changes at the formation region of AAIW and there-
fore it still has to be determined whether deep vertical mixing
started there at the same time. The AAIW cooling trend at Site 516 is
synchronous with a pronounced sea surface cooling of up to ~10°C
at South Atlantic Benguela upwelling Sites 1082 (Etourneau et al.,
2009) and 1084 (Marlow et al., 2000, Fig. 6d, f). Today, the Ben-
guela Current is ventilated by 4 SV (1 SV =10% m3s~!) AAIW and
South Atlantic Mode Waters that supply subsurface nutrients to

this highly-productive upwelling system (Gordon et al., 1992;
Marlow et al., 2000 and ref. therein). Hence, our Site 516 record is
the first direct proxy evidence for Atlantic AAIW, which shows how
cooled intermediate waters were transported towards the Benguela
region. These cold subsurface waters were then brought to the
surface when atmospheric circulation and coastal upwelling
strengthened (Marlow et al., 2000; Etourneau et al., 2009, 2012).

The gradual development of upwelling of nutrient rich CDW in
the Southern ocean, and modern-property AAIW formation
beginning at ~3 Ma, which previously was fed by warmer and more
saline intermediate waters from the South Pacific, is reflected in
Site 516 by a trend towards more negative eNd-values, along with
cooling and freshening and supported by an increase in Opal MAR
at Site 745 (Fig. 6a—d). This evolution is coeval with significant
long-term reductions of atmospheric CO,, as indicated by re-
constructions of boron isotopes from deep sea sediment cores (e.g.
Hoenisch et al,, 2009; Martinez-Boti et al., 2015, Fig. 6a—e). We
suggest that the development of present-day-like AAIW over this
time interval, with enhanced deep vertical mixing of water masses
near the Polar Front, was not only a reaction to global cooling, but
also a driver for coeval global CO; reduction (see Fig. Ge; Hoenisch
et al., 2009; Martinez-Boti et al., 2015).

At ~3 Ma, when the modern development of AAIW began with
significant surface cooling in the Southern Hemisphere mid-to high
latitudes (Martinez-Garcia et al., 2010; McKay et al., 2012; Herbert
et al., 2016), the colder water (up to 5 °C) could uptake significantly
more CO; into the ocean than the warmer precursor. This is because
atmospheric CO; has a higher solubility in colder water. This short-
term trapped atmospheric CO, could then be sequestered in the
deep ocean for long time periods (on kyr to myr time-scales). The
colder AAIW would have transported the carbon, along with nu-
trients, to (sub)tropical upwelling regions, fuelling primary pro-
ductivity and export production (burial of Corg) there (Cortese
et al,, 2004; Etourneau et al., 2012). Indeed, a bloom of diatoms
(through increased Si transport) is observed in these regions during
3-2 Ma, which has been suggested to be effective for decreasing
atmospheric CO, levels (Cortese et al., 2004; Etourneau et al., 2012).
At the same time the increased ice cover close to Antarctica (McKay
et al., 2012) would have reduced direct outgassing of oceanic CO;
through upwelling of CDW close to the Antarctic continent
(Hillenbrand and Cortese, 2006; Etourneau et al., 2012). Also, the
subarctic North Pacific was more stratified, which further hindered
the escape of sequestered carbon (Sigman et al., 2004). In addition,
increased primary productivity (mosty diatoms) in the Southern
Ocean would have further decreased the atmospheric CO; levels
during the Quaternary (Fig. 6b; Billups et al.,, 2013). Other effects,
such as increased aeolian Fe input after 2.6 Ma through increased
westerlies, would have contributed additional support to the pro-
ductivity increase and CO, uptake into the Southern Ocean (Billups
et al.,, 2013; Martinez-Garcia et al., 2011).

4. Conclusions

We document the emergence of modern-property AAIW during
the Plio-Pleistocene in the South Atlantic Ocean at DSDP Site 516.
Using a multi proxy-approach, including ¢Nd in Fe-Mn-oxide
encrusted foraminifera, benthic foraminiferal BWTyg/ca, and sta-
ble isotopes, we reconstruct AAIW source water provenance, tem-
perature, and salinity changes.

Our results indicate that prior to Northern Hemisphere Glacia-
tion, during the Pliocene warm interval between 4 and 3 Ma,
modern-property AAIW (cold, fresh, and eNd similar to CDW) did
not exist in the South Atlantic Ocean. Instead, higher (more Pacific-
like) eNd-values at Site 516, compared with deeper samples bathed
in CDW in the Southern Ocean, document more stratified
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conditions near the Polar Front at that time, with direct inflow of
Pacific waters to the intermediate depth southwestern Atlantic
(Fig. 7a). At this time, Atlantic intermediate waters were 6°C
warmer and more saline.

The emergence of modern-property AAIW occurred gradually
during the last ~3 million years, evidenced at Site 516 by cooling
and freshening and an eNd trend away from Pacific-like values,
converging on values consistent with CDW (decreasing by ~2 units).
These changes reflect the onset of deep vertical mixing of water
masses in the source region of AAIW near the Polar Front, which
were transported northward and most likely contributed to cooling
of subtropical upwelling regions (Fig. 7b). These observations are in
agreement with recent model simulation studies indicating polar
cooling, amplified meridional temperature gradients, stronger
Southern Ocean geostropic flow, and greater CPW upwelling and
entrainment (Hill et al., 2017). The development of modern AAIW
with upwelling of nutrient rich CDW close to its source region likely
facilitated increased CO, storage of the ocean and thus accelerated
the global climate changes towards Pleistocene icehouse
conditions.
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