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Abstract The Antarctic Circumpolar Current (ACC) is Earth's largest current flowing around Antarctica at
all depths and connecting major ocean basins, thus representing an important component of Earth's climate.
However, the timing and key controls determining ACC flow path and its strength as a function of past climatic
boundary conditions that ultimately resulted in its modern configuration remain unclear due to major
uncertainties in paleoceanographic and tectonic reconstructions. Here we present a unique high-resolution laser
ablation-derived late Cenozoic seawater lead isotope record obtained from a hydrogenetic ferromanganese crust
from the Pacific sector of the Southern Ocean. Our Pb isotope data reveal that the ACC has experienced five
stable circulation states since the early Miocene which were separated by four major transitions observed at
17.5-14.6, 12, 10 and 5 Ma. We suggest that the relatively abrupt transitions between ACC circulation state were
mainly induced by tectonic changes, whereas the impact of climatic changes was of secondary importance.
According to our data the modern ACC configuration formed 5 million years ago, likely in response to the
closure of the Panama Seaway. Since the Drake Passage (DP) has already been an open seaway since at least the
late Miocene, our results demonstrate that DP opening was not the only factor affecting past ACC circulation.
Our data also show that changes in the latitudinal position of the ACC were linked to the middle Miocene
waxing and waning of the Antarctic ice sheets, which emphasizes the ACC's critical role as a key control of
Antarctic glaciation.

1. Introduction

The Antarctic Circumpolar Current (ACC) is the largest current on Earth in terms of volume transport. Its core
corresponds to the latitudinal position of the maximum strength of the westerlies and its clockwise circumpolar
flow is unimpeded by land barriers. The ACC is the only current connecting all major oceans, that is, Atlantic,
Pacific and Indian Oceans. The inter-basin connection of the ACC is playing a critical role in the global transport
and distribution of heat, salt and gases (e.g., carbon dioxide, CO,), thus intimately linking it to Earth's climatic
changes (Gordon, 2001).

Despite the profound importance of the modern ACC on the global climate system, it remains equivocal when and
how it evolved into its modern configuration. The initiation and subsequent evolution of the ACC is widely
thought to have been dominated by the progressive tectonic opening of two Southern Ocean (SO) seaways, that is,
the Tasman Gateway (TG) between Australia and East Antarctica and the Drake Passage (DP) between South
America and the Antarctic Peninsula (Kennett, 1977) (Figure 1, inset). The deepening of the TG began at around
35.5 Ma and ended at about 30.2 Ma, while the tectonic evolution of the DP was more complex (Scher et al., 2015;
Stickley et al., 2004). Evidence for its initial opening was found at approximately 41 Ma allowing the first shallow
Pacific seawater inflow into the Atlantic sector of the SO (Scher & Martin, 2006). Age estimates for the onset of a
deep Pacific-Atlantic connection vary substantially, ranging from as early as the Eocene-Oligocene Transition
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Figure 1. Sample locations and the modern hydrography of the Pacific sector of the Southern Ocean. Color-mapped oxygen concentrations, with neutral density contours
(y") overlain, as drawn from the 2013 World Ocean Atlas (Garcia et al., 2013; Zweng et al., 2013). Sampling sites of ferromanganese crusts Haxby, DR153 (Frank
et al., 2002), Tasman (van de Flierdt et al., 2004) and Nova (van de Flierdt et al., 2004) are shown as filled rectangles, and sediment core site SO213 (Molina-Kescher
et al., 2016) is shown as a filled diamond alongside the Antarctic Polar Front and Subantarctic Front (Orsi et al., 1995). The isopycnal with a neutral density of
28.27 kg m™ defines the water mass boundary between AABW and Lower Circumpolar Deep Water (LCDW), while the 28.00 kg m™> isopycnal defines the top of
LCDW as defined in an earier study (Orsi et al., 1995, 1999). Figure created with Ocean Data View (Schlitzer, 2011). AABW: Antarctic Bottom Water; LCDW: Lower
Circumpolar Deep Water; PDW: Pacific Deep Water.

(Livermore et al., 2005) to the Miocene (Barker, 2001; Dalziel et al., 2013; Riley et al., 2021). Tectonic re-
constructions and grain size data from marine sediments suggested that an ACC configuration similar to the
modern may already have formed in the Oligocene (Lawver & Gahagan, 2003; Pfuhl & McCave, 2005).
However, recent reconstructions of the provenance and chemical composition of SO deep water using authigenic
neodymium (Nd) isotope compositions suggest that a circumpolar current like that of today did not exist before
the late Miocene (Evangelinos et al., 2022, 2024). Yet to date, there is no continuous circulation reconstruction
that provides insights into the detailed ACC evolution from early Miocene to today due to the scarcity of sedi-
mentary records from the Pacific sector of the SO.

The isotopic composition of dissolved lead (Pb) in seawater is a highly sensitive tracer of regional water mass
sourcing and mixing (Frank, 2002). Lead has three radiogenic isotopes, that is, 2°°Pb, >*’Pb and **®*Pb produced
from the decay of 2*8U, 2*°U and 2**Th, and one primordial isotope 2**Pb, thus allowing combination of multiple
Pb isotopic ratios, for example, 206py, 204pp and 208Pb/206Pb, for sensitive identification of individual water
masses. Fluvial input was the main source of Pb to seawater prior to the industrial revolution, so variable and
regionally distinct seawater Pb isotopic compositions are acquired from the weathering of continental rocks of
different ages and ratios between daughter and parent isotope abundances (Chen et al., 2023; Frank, 2002). Due to
the long half-lives of >**U (T, = 4.47 Gyr), **°U (T, = 0.704 Gyr) and ***Th (T,,, = 14 Gyr), the impact of
radioactive decay on Pb isotopic compositions after precipitation in hydrogenetic marine phases are negligible on
time scales of few million years. The high particle-reactivity of Pb results in a short residence time of this trace
metal in the deep ocean (50-200 years) (Cochran et al., 1990; Henderson & Maier-Reimer, 2002; Schaule &
Patterson, 1981). Compared to seawater Nd isotopes, the advantage of using Pb isotopes as a water mass tracer is
that its short residence time allows formation of distinct Pb isotopic compositions in the three major SO basins
(Abouchami & Goldstein, 1995), thus providing detailed water mass mixing and provenance information,
whereas modern Nd isotope compositions around Antarctica are well mixed and show similar values (van de
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Flierdt et al., 2016). Dissolved Pb in seawater, likely often present as colloids rather than in truly dissolved form
(Marsay et al., 2018), is efficiently scavenged throughout the water column due to its particle-reactivity. Upper
water column derived Pb can be transported to the deep ocean with sinking particles resulting in the deep water Pb
isotopic signal reflecting the integrated composition of the entire water column (Huang et al., 2020; Lanning
et al., 2023; Wu et al., 2010).

In this study, we employ a laser ablation-based multiple-collector inductively plasma mass spectrometry (LA-
MC-ICPMS) technique (Christensen et al., 1997) to generate an unprecedented continuous high-resolution
seawater Pb isotope record for the past 20 Myr from ferromanganese crust PS75/247-2 (hereafter called
“Haxby”) dredged on the southern flank of Haxby Seamount (Kipf et al., 2014) in the Pacific sector of the SO
(Figure 1). Our new data provide critical insights into past ACC dynamics in the Pacific sector since the early
Miocene. Forcing factors, including orbital parameters, tectonic evolution, and variability in Antarctic ice sheet
volume, have been suggested to affect ACC flow, thus we employ the Kiel Climate Model (KCM) to examine
these potential triggers of ACC changes found in our record.

Ferromanganese crust Haxby was recovered from Haxby Seamountpart of the Marie Byrd Seamounts located in
the western Amundsen Sea, north of the continental shelf of Marie Byrd Land, West Antarctica (Figure 1).
Radiometric ages and geochemical data suggest that the Marie Byrd Seamounts were formed by the adiabatic rise
of HIMU (=high 238U/2°4Pb) mantle material from the base of Marie Byrd Land due to the crustal extension at the
southern boundary of the Bellingshausen Plate from about 74 to 62 Ma (Kipf et al., 2014). Crust Haxby, situated
in the central Pacific sector of the SO, is ideally positioned to record deep ocean circulation changes in response to
the tectonic evolution of the DP to the east and the TG to the west.

The modern ACC is a deep-reaching current stretching from the sea surface to the SO seafloor (Carter et al., 2008;
Rintoul, 2018) and its meridional circulation can be generally characterized as a two-cell overturning system,
including “upper” and “lower” cells (Gordon, 2001; Lumpkin & Speer, 2007; Talley, 2013). In the lower cell,
westerly wind-driven upwelling brings Circumpolar Deep Water (CDW), the major ACC water mass, to the
surface south of Antarctic Polar Front (APF). Part of the upwelled deep water moves southwards to the Antarctic
continental margin and sinks in several distinct shelf regions to form new Antarctic Bottom Water (AABW) that
returns to the deep SO (Purkey et al., 2018; Solodoch et al., 2022). In the upper cell, the other part of the upwelled
water is subducted and moves northwards at shallower depths to leave the SO in the form of either Antarctic
Intermediate Water or Subantarctic Mode Water (Rintoul, 2018; Talley, 2013). Currently, crust Haxby is bathed
in Lower Circumpolar Deep Water (LCDW), while northern-sourced Pacific Deep Water (PDW) only mixes with
the less dense Upper Circumpolar Deep Water (UCDW)).

The natural seawater Pb isotope signal prior to the industrial era can be recovered from ferromanganese nodules/
crusts (Klemm et al., 2007), despite that today the global seawater Pb isotope signal is overwhelmed by
anthropogenic inputs, for example, in the North Pacific and the Amundsen Sea (Ndungu et al., 2016; Wu
et al., 2010). Previous surveys of Pleistocene surface scrapings on ferromanganese nodules have identified three
distinct regional Pb isotope endmembers in the South Pacific and the SO's Pacific sector (Abouchami & Gold-
stein, 1995; von Blanckenburg et al., 1996) which are approximated here by the arrays “West Antarctic,” “East
Antarctic,” and “Pacific” (Figure 2). The benefit of using a combination of two radiogenic isotope compositions
of Pb is apparent in Figure 2, where the variability of seawater Pb isotope signatures as a function of water mass
changes is illustrated. Among different paired Pb isotopic ratios, the combination of 2°Pb/>°°Pb and 2°°Pb/***Pb
shows the most distinct patterns for resolving variable water masses; thus, other ratios are only shown in the
Supporting Information S1 and are not further discussed in this study. Modern observations have shown that
AABW in the Pacific sector is mainly composed by two varieties: less voluminous Adélie Land Bottom Water
(ALBW) and the more dominant Ross Sea Bottom Water (RSBW) (Purkey et al., 2018; Solodoch et al., 2022).
The two ferromanganese nodules located close to the formation area of RSBW (Ross Sea (RS) in Figure 2) show a
distinct RSBW signal with very low 2**Pb/2°°Pb and intermediate 2**Pb/***Pb ratios. Following the overall path
of the ACC that flows eastward, the Pb isotope signatures of ferromanganese nodules gradually increase in
208pp29pp and decrease in >°°Pb/**Pb from the RS region to the Bellingshausen Sea (BS) region, and further to
the DP and the SW Atlantic regions where the seawater Pb isotope signal is dominated by local weathering input
from West Antarctica, the Antarctic Peninsula and Patagonia. Likewise, the two ferromanganese nodules from
offshore Adélie Land (AL in Figure 2), that are bathed in a regional AABW variety with a high ALBW proportion
(>60 vol.%) (Thomas et al., 2020), show a distinct ALBW signal with very high 206py, 204ph and intermediate
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Figure 2. Combined °°Pb/?**Pb and 2°®Pb/*°°Pb ratios in the surface scrapings on ferromanganese nodules. In the upper
map, the colored round dots, squares and diamond indicate the locations of ferromanganese nodules (Abouchami &
Goldstein, 1995; von Blanckenburg et al., 1996), ferromanganese crusts (van de Flierdt et al., 2004) and sediment core
S0213-60-1 (Molina-Kescher et al., 2016), respectively. In the lower panel, the colored round dots show the Pb isotopic
compositions of ferromanganese nodules from different areas. For comparison, the Pleistocene Pb isotopic compositions of
crust Haxby and authigenic phase in SO213-60-1 are indicated by different colored diamonds. RS: Ross Sea; AL: Adélie
Land; S. Pacific: South Pacific; TG: Tasman Gateway; DP: Drake Passage; SW Atlantic: Southwest Atlantic; BS:
Bellingshausen Sea.

208pp/29py ratios likely originating from the weathering of old cratonic rocks in East Antarctica. As the pro-
portion of ALBW decreases to ~30 vol.% when AABW is exported northwards into the Pacific Ocean (Solodoch
etal., 2022), the 2°°Pb/***Pb and **®Pb/**°Pb ratios in ferromanganese nodules from locations further north and at
a large distance from AL (TG in Figure 2) shift toward the Pacific Pb isotopic endmember, which is recorded in
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Figure 3. Calculated ages versus sample depth of crust Haxby. The '°Be/’Be dated ages were calculated with a half-life for
19Be of 1.387 Myr by assuming a constant initial '°Be/’Be ratio. The growth rates and ages beyond the age range covered by
19Be/’Be dating have been calculated using a constant Co-flux/growth rate relationship (Manheim, 1986) which was
calibrated to match the '°Be/’Be dating of the younger part. The dashed black lines represent the Be-derived age model. The
solid blue line shows the Co-flux derived age model. The red triangles indicate the tie points for calculating Co-flux derived
growth rates. The dashed bule lines are used to defined the section with different growth rates.

ferromanganese nodules from the South and equatorial Pacific. It is worth noting that Pb in the equatorial Pacific
carries a unique isotope signal, which characterized by a higher ***Pb/**°Pb ratio than RSBW and ALBW and a
higher 2°°Pb/***Pb ratio than the local seawater Pb isotope signal recorded in DP. Therefore, our Pb isotope
records most sensitively trace variable contributions of RSBW, ALBW and deep waters originating from the
Pacific to LCDW.

2. Materials and Methods
2.1. Sample Collection and Preparation

Crust Haxby was dredged from Haxby Seamount at 69°08.16’—69°08.53’S and 123°12.76'-123°13.13'W and
from a water depth of 1,502-1,734 m during expedition ANT-XXVI/3 in early 2010 with the German research
vessel RV Polarstern (Gohl, 2010). The ferromanganese crust was first placed in epoxy before cutting. After each
cut, the sample was embedded in epoxy resin again to preserve the sample structure. Eventually, an approximately
5 cm long, 2 cm wide, and 0.2 cm thick section of the sample (Figure S1 in Supporting Information S1) was cut
following the main growth direction. The sample slide was polished using Buehler “Micropolish” (Buehler
GmbH, Duesseldorf, Germany) before microprobe and LA-MC-ICPMS measurements were conducted.

2.2. Age Model

The age model (Figure 3) for crust Haxby is based on '’Be/’Be and high-resolution cobalt (Co) flux methods
following van de Flierdt et al. (2004). For the last 11.75 Ma, the average crust growth rates and age—depth re-
lationships were determined directly from the '°Be/*Be profile. Due to the '°Be half-life of 1.387 Myr (Chmeleff
etal., 2010), '°Be concentrations at ages older than 11.75 Ma are not detectable any more (>8 half-lives), and the
ages older than 11.75 Ma had to be estimated based on a Co-constant flux model (Frank et al., 1999; Man-
heim, 1986). The methods are detailed in the Supporting Information S1.
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2.3. Pb Isotope Compositions Analyzed by LA-MC-ICP-MS

The Pb isotopic compositions were determined by laser ablation coupled to a MC-ICP-MS (LA-MC-ICP-MS)
using an Analyte Excite Excimer Laser Ablation System connected to a Thermo Scientific Neptune Plus MC-
ICP-MS at GEOMAR Kiel. The instrumental parameters of the LA-MC-ICP-MS are listed in Tables S5 and
S6 in Supporting Information S1. After assessing the age-depth relationship in the uppermost 5 mm of crust
Haxby, we used smaller laser spot sizes (each integrating about 8 kyr of growth) to resolve glacial-interglacial
cyclic 2°°Pb/***Pb and 2°®Pb/*°°Pb variations in the youngest part of our record (Figures 4e and 4g). We also
used larger laser spot sizes to integrate a sampling interval of approximately 40 kyr of growth (i.e., one early
Pleistocene glacial cycle) in order to detect long term changes beyond orbital cyclicity throughout the past 20 Ma
(Figures 4b, 4c, 5, and 6). In order to verify the laser ablation based Pb isotope data, the Pb isotope compositions
of samples from 10 different depths in crust Haxby were also analyzed by conventional solution-based method.
The detailed analytical protocols are described in the Supporting Information S1.

2.4. Numerical Experiments

We use the KCM (Park et al., 2009) to investigate the influence of changes in the oceanic gateways and Antarctic
ice sheet volume on the ACC state. The KCM is a fully coupled atmosphere-ocean-sea ice general circulation
model, which consists of the atmosphere model ECHAMS and the ocean-sea ice model NEMO. In the version
applied here, ECHAMS (Roeckner et al., 2003) is used with a horizontal resolution of T31 (3.75° X 3.75°) and 19
vertical levels reaching up to 10 hPa. This resolution is relatively coarse and unable to resolve the bathymetry in
detail, but it is adequate to examine larger-scale circulation changes recorded in our seawater Pb isotope data set.
The ocean-sea ice component NEMO (Madec et al., 2008) is run on a 2° Mercator mesh and with 31 vertical
levels. An enhanced meridional resolution of 0.5° is used in the equatorial region. The two models are coupled
with the OASIS3 coupler (Valcke, 2006). Our model provides the simulation results for water depths at 1,410 m
and 1,830 m, which bracket the depth range of crust Haxby (1,502—1,734 m). The modeling results at 1,410 m and
1,830 m in the investigated area are almost identical (Figure S5 in Supporting Information S1), indicating that the
difference in circulation for this depth interval is negligible. We focused on the simulation at 1,410 m depth
because it is slightly closer to the water depth range of crust Haxby. We also show the simulation results at
3,260 m water depth which is consistent with the water depths of the location of ferromanganese crust DR153
from the DeGerlache Seamounts in the BS (Frank et al., 2002) (Figure 7 and Figure S7 in Supporting
Information S1).

Five simulations were performed: a 4,500-year-long present-day control run (PRES) that is initialized with the
Levitus temperature and salinity climatology. The Levitus data set provides long-term means of objectively
analyzed ocean temperature and salinity at multiple water depths (Conkright et al., 1998). The PRES simulation
employs the CO, concentration in 2017 (405 ppm), modern land-sea mask, orography and continental ice-sheet
configuration (Song et al., 2017).

In the other 3,500-year-long simulation (PLIO) (Song et al., 2017), an open Panama Seaway is implemented by
replacing four land grids with ocean grids, while the settings for the land-sea mask, the Antarctic ice sheet,
greenhouse gases, etc., are the same as in PRES. This experiment aims to explore the impact of Panama Seaway
closure on the ACC (Figures S6b and S7b in Supporting Information S1). We present the ocean current differ-
ences between the PRES and PLIO simulations to indicate the influence of Panama Seaway closure (Figures 7d
and 7e).

There are three additional experiments with an open Panama Seaway to evaluate the impact of reduced Antarctic
ice sheet volume and restricted DP width. Given that the general pCO, variability during the time span inves-
tigated (20-17.4 Ma and 14.6-5 Ma) was relatively small (~100-200 ppmv) (Rae et al., 2021) and that the
presence and/or spatial extent of the West Antarctic Ice Sheet prior to and during the Pliocene is under debate
(Kennett & Barker, 1990; Naish et al., 2009; Zachos et al., 2001), we use the PLIO conditions for the investigated
time period and integrated for 1,000 years. Monthly output of the last 100 model years from each simulation was
taken for analysis. The configuration for the reduced Antarctic ice sheet volume is in accordance with the Pliocene
Model Intercomparison Project Phase 2 protocol (Figure S9 in Supporting Information S1) (Haywood
et al., 2016). The simulated results with a retreated Antarctic ice sheet are displayed in Figures S6¢ and S7c¢ in
Supporting Information S1. The offsets in current velocity in response to the Antarctic ice sheet changes are
displayed to show the impact of Antarctic ice volume (Figure 7c). For the preceding condition of a smaller
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Figure 5. Pb isotope variation in crust Haxby in 206p [204pp_208pp /296ppy spaces. The orange small dots indicate the seawater
Pb isotope data recorded in ferromanganese crust Haxby. The larger colored dots mark the Pleistocene Pb isotopic signatures
of ferromanganese nodules as shown in Figure 2 (Abouchami & Goldstein, 1995; von Blanckenburg et al., 1996). The five
data clusters are denoted as Cluster 1 to 5 which are marked by dashed ellipses. RS: Ross Sea; AL: Adélie Land; TG: Tasman
Gateway; DP: Drake Passage; BS: Bellingshausen Sea.

Antarctic ice sheet, we replaced ocean grids with land grids in DP in order to simulate the SO current changes as a
function of the width of the DP (Figure S10 in Supporting Information S1). The width of the DP is configured to
be 60% and 20% relative to that in PRES by replacing 4 and 8 ocean grids with land grids (Figures S6d—S6e and
S7d-S7e in Supporting Information S1). The current velocity changes as a function of different widths of DP are
presented in Figures 7a and 7b.

3. Results

The surface '°Be/’Be ratio of 0.7 X 10~ in crust Haxby (Table S1 in Supporting Information S1) is very close to
the surface '°Be/’Be ratios in surface scrapings of Fe-Mn nodules (0.9-1.3 X 1077y (Inoue et al., 1983) and crusts
(0.8-1.2 x 10™7) (van de Flierdt et al., 2004) in the Pacific Ocean. The growth rates calculated based on 10B¢/°Be
derived ages and Co-flux model are presented in Figure 3 and Table S4 in Supporting Information S1 following
the same approach as in (van de Flierdt et al., 2004). The '°Be/’Be results define three different growth rates in the
top 28.4 mm of the crust while no '°Be was detectable below 28.5 mm depth. The topmost four '°Be/*Be data
points and following three data points show nearly identical growth rates of 1.74 and 2.32 mm/Ma, respectively.
The growth rate in the oldest section down to 28.4 mm depth in the crust was higher at 3.68 mm/Ma. Below

Figure 4. Compilation of global paleoclimatic events and Pb isotopic evolution recorded by ferromanganese crusts and marine sediments over the past 20 Ma. (a) and
(d) Globally stacked benthic oxygen isotope record (8'%0) (Zachos et al., 2001); (b) >°*Pb/**®Pb time series of ferromanganese crusts Haxby, DR153 (Frank

etal., 2002), Tasman (van de Flierdt et al., 2004) and Nova (van de Flierdt et al., 2004); (c) 2°°Pb/***Pb evolution of ferromanganese crusts Haxby (including 2 SD error
bars), DR153 (Frank et al., 2002), Tasman (van de Flierdt et al., 2004) and Nova (van de Flierdt et al., 2004); (d) Benthic foraminiferal 8'30 stack for the last 1 Myr
(Zachos et al., 2001); () 2°®Pb/>°°Pb evolution in crust Haxby (including 2 SD error bars); (f) 208py, 296py ratios in sediment core SO213 (Molina-Kescher et al., 2016);
(2) 206pp 204pp ratios in crust Haxby (including 2 SD error bars) and sediment core SO213 (Molina-Kescher et al., 2016); (h) Atmospheric CO, concentrations from the
East Antarctic EPICA Dome C ice core (Liithi et al., 2008). The timing of climatic and tectonic events is taken from previous studies (Barker, 2001; Dalziel et al., 2013;
Haug & Tiedemann, 1998; Shevenell et al., 2004, 2008; Zachos et al., 2001). The orange boxes indicate warm/interglacial periods and white intervals indicate cold/

glacial periods.
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28.4 mm, the growth rates are only estimated via the Co-flux model. As shown in Figure 3, the Co-flux age model
is calculated with an average value of the two sections with similar Co growth pattern constrained by tie points
instead of using high-resolution records of 30 pm increments per data point. The higher growth rate of 3.68 mm/
Ma between 28.4 and 35.3 mm is confirmed by Co-flux data. From 35.3 mm to the bottom of the sections, the
growth rate was again lower at 2 mm/Ma. We would like to note that the samples for '°Be/’Be and Co-flux
determination were sampled along separate tracks. Similar growth rates derived from these two methods
demonstrate that the age model is robust. Supported by the '°Be/’Be dating results, the uncertainties for the
younger (<10 Ma) Co-flux derived age is likely smaller than 1 Ma, while the age older than 10 Myr may have a
larger uncertainty with a conservative error estimate of 2 Ma. Due to these uncertainties in dating, only general
trends lasting longer than 1 million years will be discussed, with no attempt to determine the absolute timing of
any transient event.

The long-term 2*°Pb/***Pb and **®Pb/*°Pb records (analyzed by larger laser spot sizes) are generally consistent
with the results obtained by the conventional approach (Figures 4b and 4c). The small offset for some sampled
depths can be explained by the different sampling techniques. The laser ablation method only releases materials
from the very surface of the sample while the conventional method needs to drill deep enough into the crust to
acquire sufficient material for analyses, which might thus include sample material from different layers. The age
uncertainty can also contribute to the offset especially for the oldest two data points analyzed by the conventional
approach which has not undergone normalization of the Co-flux data. However, these age offsets are within our
estimated uncertainty and do not affect our conclusions. The ages for the youngest part of our high-resolution Pb
records (analyzed by smaller laser spots) are derived from the ferromanganese crust section dated by 1°Be/’Be,
which still yields relatively large uncertainties for resolving precise ages of orbitally driven changes. Never-
theless, our high-resolution >**Pb/?**Pb record for the past 250 kyrs largely co-vary with the records of authigenic
Pb isotope compositions extracted from nearby sediment cores SO213-59-2 and SO213-60-1 (Molina-Kescher
et al., 2016) (Figure 4g), atmospheric CO, concentration and deep-sea oxygen isotope records (Figures 4d and
4h). However, given the age uncertainties, whether those covariations are real awaits further verification and thus
in this study we do not extend our discussions to orbital scale Pb isotope variations.

The long-term 2°°Pb/2**Pb and 2°*Pb/***Pb records in crust Haxby are invariant from 20 to 17.4 Ma (Figures 4b
and 4c). After 17.4 Ma, crust Haxby shows a >**Pb/?**Pb increase from 18.74 to 18.92 and a >°®*Pb/?°°Pb decrease
from 2.067 to 2.061 that lasts longer than seven million years. The long-term increase in 2°°Pb/?**Pb and decrease
in 2%°Pb/*°°Pb is terminated by a relatively abrupt and profound decrease in 2°°Pb/***Pb and increase in
208pp206pp ratios at 10 Ma. Thereafter, throughout the past 10 Myr the 2*°Pb/?**Pb ratio in crust Haxby only
varied within a small range from about 18.80 to 18.74, whereas the >°*Pb/?°°Pb variation between 2.065 and 2.061
is more pronounced.

Results only based on one Pb isotope ratio can be misleading. For example, the 2°Pb/?**Pb data of crust Haxby
over the past 10 Myr are almost identical within error to the 206pp,204py, composition in ferromanganese crust
Nova (water depth: 7,129 m) from the deep equatorial Pacific and ferromanganese crust Tasman from an in-
termediate water depth of 1,700 m in the SW Pacific Ocean (van de Flierdt et al., 2004), while the coeval
208pp29pyp ratios in these three crusts are very different (Figures 4b and 4c). In order to clearly resolve the
differences of the Pb isotope signals at various sites and trends over time, we combine the **°Pb/***Pb and
208pp/29ph data and examine the Pb isotope variation in 2°°Pb/***Pb—2"*Pb/**°Pb space (Figure 5). The Pb
isotope signal of crust Haxby in 2°°Pb/***Pb—>"*Pb/>°°Pb space remained relatively stable within individual data
clusters for millions of years followed by abrupt shifts to other distinct clusters (Figure 5). Five discernible data
clusters can be identified in our 20 Myr record, which are denoted as Cluster 5 (20-17.4 Ma), Cluster 4 (14.6-
12 Ma), Cluster 3 (12-10 Ma), Cluster 2 (10-5 Ma) and Cluster 1 (5-0 Ma) from oldest to youngest.

4. Discussion
4.1. Reconstruction of Seawater Pb Isotope Compositions

Recent surveys in the Pacific Ocean reveal that sinking particles throughout the water column can transport Pb
from the upper water column to the abyssal ocean without significant water mass mixing (Lanning et al., 2023;
Wu et al.,, 2010). However, evidence suggests that variations in Pb isotope signals in the deep water are primarily
driven by changes in deep water dynamics and mixing. Despite substantial anthropogenic Pb input to the surface
ocean, the seawater 2’Pb/>°°Pb gradient remains distinct between deep and shallower waters in the North Pacific
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(Wu et al., 2010), indicating that the surface Pb input could shift but could not fully homogenize the water column
Pb isotope signal. The Pleistocene Pb isotope signal in crust Haxby and sediment core SO213-60-1 further
support a dominant deep water pattern (Figure 2). Site SO213-60-1, bathed in LCDW that is supplied by AABW
derived from RS, shows Pleistocene Pb isotope signals that align with the RS endmember, despite being influ-
enced by overlying deep and shallow waters from the Pacific Ocean. Crust Haxby, situated at a shallower depth
and closer to Antarctica compared to abyssal ferromanganese nodules (BS and RS in Figure 2), is more influenced
by the Antarctic surface water. However, its Pleistocene Pb isotope signals are shifted closer to the Pacific Pb
array, due to its proximity to PDW upwelling in the SO, indicating a deep water dominance. Moreover, the
Pleistocene Pb isotope signal in crust Haxby is even more shifted toward the Pacific Pb array compared to
sediment core SO213-60-1, despite its proximity to Antarctica. These observations suggest that deep water Pb
isotope signals are largely determined by mixing of the deep water masses at each site. In the Pacific sector of the
SO, the position of the UCDW/LCDW boundary is closely linked to the positions of the SO fronts and ACC, and
the UCDW is primarily supplied by PDW. Therefore, it is reasonable to infer latitudinal shifts of the ACC through
changes of PDW proportions relative to AABW signatures in crust Haxby.

A study of ferromanganese crusts from the central North Pacific suggests that overwhelming local inputs could
have overprinted the ambient Pb isotope signal transported by advection (Chen et al., 2013). In the Amundsen
Sea, the temporally variable dust input in the Pacific sector of the SO (Klemm et al., 2007; Struve et al., 2020)
and/or incongruent chemical weathering of Antarctic basement rocks (Basak & Martin, 2013) could also
potentially overprint water mass mixing signals. However, we consider the influence of these two factors
insignificant for the following reasons: incongruent chemical weathering of fresh silicate material generated
during ice sheet expansion may produce a more radiogenic Pb isotope signal (i.e., higher in 2°°Pb/?**Pb) than the
parent source rocks (Basak & Martin, 2013; Crocket et al., 2012; Dausmann et al., 2019; Gutjahr et al., 2009;
Kurzweil et al., 2010) due to preferential release of radiogenic Pb from accessory minerals and/or sites of ra-
diation damage (Erel et al., 2004). The Antarctic ice sheet extensively expanded between ~15 Ma and 12 Ma
(Hochmuth et al., 2020; Miller et al., 2020; Shevenell et al., 2004, 2008), but the 2°’Pb/***Pb ratio in crust Haxby
remained nearly unchanged from 14 to 12 Ma (Figure 3c). Additionally, the marked decline of 2*°Pb/>**Pb at
10 Ma did not coincide with any known events for significant Antarctic ice sheet changes. Although the available
data do not allow us to fully isolate the influence of incongruent chemical weathering on our Pb isotope record in
detail, the lack of covariation between 2°°Pb/***Pb ratios and contemporaneous Antarctic ice-sheet dynamics
makes incongruent chemical weathering as a dominant control an unlikely explanation for the observed Pb
isotope variations.

The potential for direct dust deposition on Haxby Seamount is minimal due to two factors: (a) Antarctica is
characterized by exceptionally low dust fluxes, making it one of the least dust-affected regions globally
(Mahowald et al., 2011); and (b) Haxby Seamount, where the ferromanganese crust formed, experiences high
current speeds and minimal sedimentation, further reducing the likelihood of significant dust accumulation. This
is corroborated by the observation that today the geochemical provenance fingerprint of fine-grained detritus in
deep sea surface sediments near the Marie Byrd Seamounts is predominantly of Antarctic origin (Simdes Pereira
et al., 2018) and does not reflect the notable dust signal in sediments close to the APF and further north (Wengler
et al., 2019). Even though dust deposition in the Pacific sector of the SO was likely three times higher during
glacial periods than during interglacials (Lamy et al., 2014), the provenance of glacial sediments deposited all
along the Pacific margin of Antarctica has still been dominated by continental sources in the West Antarctic
hinterland (Farmer et al., 2006; Hillenbrand et al., 2009, 2021). Furthermore, Haxby Seamount is situated just
north of the average summer sea-ice limit and well south of the winter sea-ice limit during the present interglacial
(e.g., Hillenbrand et al., 2009), and thus was likely under perennial sea-ice cover during past glacial periods (e.g.
(Bostock et al., 2013)), which would have shielded crust Haxby from dust deposition. Besides, the dust particles

Figure 6. Temporal and spatial Pb isotope variability in different time slides over the past 20 Myr. (a) Time span of 20-17.4 Ma; (b) Time span of 17.4-14.6 Ma;
(¢) Time span of 14.6-10 Ma; (d) Time span of 10-5 Ma; () Time span of 5-0 Ma. Diagrams on the left side show the 2°°Pb/>**Pb—2%Pb/>*®Pb distributions of the four
ferromanganese crusts (filled squares) compared with different endmembers through time. The dashed retangles with different colors indicate the East Antarctic, West
Antarctic and Pacific arrays and the colored dots indicate the Pleistocene Pb isotopic signatures of ferromanganese nodule as shown in Figure 2. The illustrations in the
right column represent the approximate fractional source contributions of seawater Pb recorded in four ferromanganese crusts. Purple, red, and blue colors indicate Pb
supplied from the South Pacific, East Antarctica, and West Antarctica, respectively. The colored rectangles reflect the approximate fractions of various sourced Pb in the
individual crust, and the colored arrows suggest the inferred deep circulation that transported different sourced Pb.
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may also have gradually released Pb into ambient seawater when settling through the water column and/or during
deposition, thereby changing the dissolved seawater Pb isotope signature when the dust sourcing changed. For
example, the South Pacific Subantarctic Zone was dominated by dust from Central South America with a highly
radiogenic Pb isotopic signal (**°Pb/>**Pb > 19) during the last glacial period, whereas the modern/Holocene
pattern is thought to be primarily supplied by less radiogenic Australian sources (***Pb/***Pb < 19) (Struve
et al., 2020). However, the authigenic Pb isotope signals extracted from two sediment cores recovered in the deep
South Pacific (SO213-59-2 and SO213-60-1 in Figure 1) (Molina-Kescher et al., 2016) show more radiogenic Pb
isotope compositions in Holocene than in last glacial sediments (Figure 4g), which is opposite to the trend of dust
Pb isotopic variations recorded in the same cores, documenting that the seawater Pb isotope signature has not been
a function of dust source variations.

In this study, we find limited data on significant long-term variability of Pb endmembers. Comparing our Pb
isotope records with those from ferromanganese crust Nova, ferromanganese crust Tasman (van de Flierdt
et al., 2004) and ferromanganese crust DR153 (water depth: 3,150-3,300 m) from the DeGerlache Seamounts in
the BS (Frank et al., 2002), we observe consistent results within a three-endmember Pb mixing array, defined by
RSBW, ALBW, and Pacific deep waters, over the past 20 Myr (Figures 6a—6e¢).

4.2. Weak ACC Flow in the Early Miocene (20-17.4 Ma)

In the early Miocene, crusts Nova and Tasman show almost identical Pb isotope signals falling into the East
Antarctic Pb array (Figure 6a), which is attributed to efficient northward export of deep and bottom waters from
the SO to the equatorial Pacific (van de Flierdt et al., 2004). The data show that the export of SO water masses was
likely continuously active during this time period, consistent with benthic foraminiferal carbon isotope (5'°C)
data indicating that the deep South Pacific was persistently supplied by SO bottom waters since 23 Ma (Woodruff
& Savin, 1989). Interestingly, East Antarctic Pb isotope signals as recorded in crusts Nova (~1°S) and Tasman
(~28°S) could not be delivered to the deep South Pacific north of ~50° S by AABW during the Pleistocene
(Figures 6a and 6e), implying a much stronger northward export of SO deep and bottom waters during the early
Miocene. The strong northward export of these waters to the locations of crusts Nova and Tasman may have been
caused by the clockwise proto-Ross-Gyre that deflected the circumpolar waters at the northern edge of the
Tasman Sea. However, this effect is unlikely the primary cause because it was largely diminished after the
Oligocene (Pfuhl & McCave, 2005). Alternatively, the strong northward export of SO deep and bottom waters
may also have been a result of the enhanced production of deep water derived from the AL margin because the Pb
isotope signatures of crusts Nova and Tasman resemble the East Antarctic Pb signal originating from AL. Modern
ALBW has a less radiogenic Nd isotope signature (¢Nd of —8.9) (Lambelet et al., 2018) than RSBW (eNd of
—6.6) (Rickli et al., 2014). The strong northward export of deep water sourced from the AL region is also
supported by the less radiogenic Nd isotope signals than today recorded in crust Nova from 20 to 17.4 Ma (van de
Flierdt et al., 2004). However, the less radiogenic Nd is not notable in a recent Nd isotope record at DSDP Site 278
from Southwest Pacific (Evangelinos et al., 2024).

During this time, the Pb isotope signal of Cluster 5 in crust Haxby differs from that in the SW Pacific but closely
matches the West Antarctic array, similar to the surfaces of more easterly ferromanganese nodules in the DP and
SW Atlantic (Abouchami & Goldstein, 1995). Identification of Cluster 5 signals in the Amundsen Sea during the

Figure 7. Modeled responses of Southern Ocean circulation at different water depth to different tectonic and Antarctic ice volume changes. Both the length and color of
the vectors in each map represent the current velocity offsets between different model scenarios with magnitudes indicated by the color shading at the bottom. A current
velocity change of 1 cm/s for a given configuration is also indicated by the length of the arrow in the box at the bottom right. The arrow of the vectors indicates the
direction of the current velocity offset. The gray shading in all figure panels indicates the modern continental areas above sea level. (a) current changes at 1,410 m water
depth between a 60% open Drake Passage (DP) and a 20% open DP; (b) Current changes at 1,410 m depth between a fully open and a 60% open DP; (c) Current
differences at 1,410 m depth as a result of increased or decreased Antarctic ice volume; (d) Current differences at 1,410 m depth between a closed and fully opened
Panama Seaway; (e) Current differences at 3,260 m depth between a closed and fully open Panama Seaway. The modeling results suggest that a DP opening by 20%—
60% (in respect to today) enhances Antarctic Circumpolar Current (ACC) current strength between 50 and 60°S in the Pacific sector as well as eastward directed current
flow along the East Antarctic margin, while DP widening from 60% to 100% has only a negligible impact on ACC vigor, corroborating that the major hydrographic
changes took place during the early widening of DP. A more expanded and thicker Antarctic ice sheet weakens the ACC in the SO's Pacific sector at about 60°S latitude,
while simultaneously strengthening deep water export from the Ross Sea (RS) to the east and current flow along the West Antarctic continental margin. The final closure
of the Panama Seaway resulted in partially opposite current changes at different water depths. The eastward deep water export from the RS increases at 1,410 m water
depth but decreases at 3,260 m depth.
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early Miocene (20-17.4 Ma) suggests either a weak ACC unable to deliver Pb further to the east, and/or a
westward flow of recirculated deep waters along the West Antarctic margin to the Marie Byrd Seamounts from
further east that might have been caused, for example, by reduced eastward ACC flow through a more restricted
and/or shallower DP (Barker, 2001). Evidence for a weaker early Miocene ACC compared to today is supported
by sortable silt data from the Southwest Pacific (Evangelinos et al., 2024).

The DP was narrower in the early Miocene than today and subsequently expanded to its modern width by the late
Miocene (Barker, 2001; van de Lagemaat et al., 2021). We tested the effect of changes in ACC velocity and
latitudinal position using the KCM. Figure 7a shows the current changes at 1,410 m water depth when allowing
ACC water to flow through a DP with 60% and 20% of today's width. Our simulations indicate that a more
restricted DP results in a stronger westward flowing current from the DP to the Amundsen Sea along the West
Antarctic margin (Figure S6e in Supporting Information S1). A reduction of the DP width from 60% to 20% also
leads to a ~0.4 cm/s slower (~20% slower) ACC near 60°S in the Pacific sector (Figure 7a), which is generally
consistent with our proxy results. Besides, the weak ACC could also be caused by a limited throughflow of the
ACC across the Tasmanian Gateway in response to a more restricted Australian palaeobathymetry (Evangelinos
et al., 2024).

4.3. Dominance of Pacific Deep Water (17.4-14.6 Ma)

Between 17.4 and 14.6 Ma, Pacific Pb isotope signals were dominant at the locations of both crust Nova and crust
Haxby, and the signatures of crust Tasman also shifted toward the Pacific Pb array (Figure 6b). Given that the
deep SO in the Pacific sector was likely constantly occupied by AABW at that time (Woodruff & Savin, 1989),
the Pacific-sourced Pb was most likely delivered via PDW into UCDW in the shallower part of the water column.
The modern UCDW/LCDW boundary in the Pacific sector of the SO at the water depth of crust Haxby (~1,500—
1,700 m) is located at about 60°S (Talley, 2013). The dominating equatorial Pacific Pb isotope signature in crust
Haxby (~69°S) at the time thus required a southward shift of the UCDW/LCDW boundary by at least 9° latitude
facilitated by a southward shift of the ACC, if the SO water column structure was comparable to today. The
dominance of Pacific Pb isotope signatures in the records of crusts Nova and Tasman is also consistent with a
previously inferred strengthening of the regional circulation in the deep and intermediate Pacific (van de Flierdt
et al., 2004).

Interestingly, in >°°Pb/?**Pb—2"%Pb/**°Pb space the Pb isotope signal of crust Haxby was gradually moving from
Cluster 5 to 4 rather than varying within a confined cluster between 17.4 and 14.6 Ma. In particular, the Pb isotope
change is marked by an initial relatively abrupt decrease in **Pb/*°°Pb at 17.4 Ma followed by a gradual increase
in the 2°°Pb/?**Pb ratios until about 14.6 Ma (Figures 4b and 4c). The abrupt decrease of 2*®Pb/?°°Pb shifts the
Cluster 5 to match the Pb isotope signal in the more westerly located ferromanganese nodules in the West
Antarctic array (Figures 2 and 5). As discussed in Section 4.2, this change likely suggests either a strengthened
ACC that was able to deliver Pb further to the east, and/or advection of less recirculated deep waters that were
redirected by bathymetric barriers in the deep DP. The deep opening of DP has been proposed to have caused an
abrupt enhancement of ACC strength and change of ACC flow path in the Oligocene, deflecting the flow of CDW
from a northerly to an eastward direction at the exit of TG (Pfuhl & McCave, 2005). The abrupt ACC
enhancement at 17.4 Ma may have been caused by a similar mechanism given that it corresponded to the opening
of the North Scotia Ridge in DP (22-17 Ma) (Barker, 2001), which established a deeper gateway toward the
Atlantic sector of the SO. The following progressive Pb isotopic evolution in crust Haxby toward equatorial
Pacific dominated signatures supports a strengthening of deep Pacific circulation previously attributed to the
stepwise closure of the Indonesian Seaway (van de Flierdt et al., 2004). Thus, the Pb isotope change between 17.4
and 14.6 Ma is likely a result of the competitive effect of progressive Indonesian Seaway closure and North Scotia
Ridge opening, while the enhanced poleward export of PDW in response to Indonesian Seaway closure was
gradually becoming dominant.

4.4. Increased Bottom Water Origin From Adélie Land (14.6-10 Ma)

Clusters 4 and 3 (14.6-10 Ma) represent the most profound Pb isotope changes in crust Haxby when Pb derived
from East Antarctic sources dominated the water column in the Amundsen Sea (Figure 6¢). Inferred from the
predominant ALBW in the deep SO offshore from AL today, this East Antarctic Pb isotope signal suggests a high
proportion of ALBW in the SO basins in the Pacific sector that was entrained into LCDW and subsequently
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upwelled to Marie Byrd Seamounts. In contrast to Cluster 4 (14.6-12 Ma), the younger Cluster 3 (12-10 Ma) Pb
isotope signature of crust Haxby was even more radiogenic and hence consistent with Pb isotope compositions of
surface scrapings from ferromanganese nodules on the AL margin. It is worth noting that the East Antarctic
sourced Pb is also recorded in crust Tasman and remained almost unchanged during 14.6-10 Ma (Figure 6c),
which suggests that the Pb isotope signature of ALBW was not significantly different from today during this time.
If this is correct, the more radiogenic Pb isotope signals of Cluster 3 (12-10 Ma) strongly suggest a higher
proportion of ALBW in the deep Amundsen Sea.

Importantly, East Antarctic Pb sourced from AL cannot reach the Amundsen Sea in the modern SO because
eastward transport of ALBW is blocked by RSBW that flows northward within the Ross Gyre. Between 150°E
and 160°W, that is, at the same longitude where the present-day ALBW Nd signature (eNd = —8.9) (Lambelet
et al., 2018) changes to a RSBW Nd isotope signature (eNd = —6.6) (Basak et al., 2015; Rickli et al., 2014), the
206pp, /294py ratios in nodule surfaces also decrease abruptly from a maximum value of ~18.92 offshore AL to an
intermediate value of ~18.8 in the RS (Abouchami & Goldstein, 1995), with all nodules further to the east being
dominated by a West Antarctic Pb isotope signature (Figure 2). Correspondingly, the modern observations show
almost no ALBW component in the deep Amundsen Sea (Solodoch et al., 2022). The East Antarctic Pb isotope
signatures recorded in crust Haxby thus suggests contributions or even dominance of ALBW to AABW from 14.6
to 10 Ma to the north of the Amundsen Sea, which disappeared at around 10 Ma. Sea ice formation in polynyas is
an essential precondition for the production of precursor water masses of modern AABW. At several locations
around Antarctica, cold and dense shelf waters are produced by brine rejection during sea-ice formation in po-
lynyas in front of ice shelves. The dense shelf waters then flow down the continental slope and mix with overlying
water masses to form AABW (Purkey et al., 2018). Palynological and dinocyst evidence suggests sea ice was
present after the Mid-Miocene Climatic Optimum (MMCO) at IODP Site U1356 offshore Wilkes Land (Bijl
etal., 2018; Sangiorgi et al., 2018), where ALBW forms today. We thus attribute the powerful ALBW production
to be the result of enhanced regional sea ice formation offshore AL.

It is also worth considering the possibility that the observation of a significant East Antarctic Pb isotope signal in
the Amundsen Sea from 14.6 to 10 Ma was influenced by a change of the RSBW Pb endmember. Extensive
Antarctic ice sheet growth during the middle Miocene caused significant changes in sediment deposition rate and
sediment provenance (Hochmuth et al., 2020). The outlet glaciers terminating in the western RS that eroded East
Antarctic terrains during the middle Miocene Antarctic ice sheet expansion (Levy et al., 2016; Pérez et al., 2022)
may have delivered substantial quantities of Pb from East Antarctic terrains to the RS and may have labeled
RSBW with an East Antarctic Pb isotope signature. The detailed influence of a potential endmember change is
difficult to assess based on the currently available Pb isotope records, but some evidence suggests that the change
in sediment sourcing was not the major factor driving the seawater Pb isotope signature. First, a change in the
RSBW signature should have led to an overall shift in the AABW Pb isotope signal, but an increased ALBW
signal during the time interval from 12 to 10 Ma was only recorded by crust Haxby, not by crust Tasman, while
they were both bathed by AABW (Figure 6¢). Although a major increase in sedimentation rate around Antarctica
from ~14 to 12 Ma (Hochmuth et al., 2020) coincided with the duration of the Cluster 4 signature in crust Haxby,
the younger Cluster 3 (12-10 Ma) with a mostly East Antarctic dominated Pb isotope signal in crust Haxby
occurred alongside reduced sedimentation rates around both East and West Antarctica (Hochmuth et al., 2020). In
addition, the terrigenous Nd isotope record for IODP Site U1521 in the central RS documented a sediment
provenance change at ~17.72-17.40 Ma in response to a major West Antarctic Ice Sheet expansion (Marschalek
et al., 2021), while no corresponding seawater Pb isotope change was recorded in either crust Haxby or crust
Tasman.

Compared with the transition period prior to the recording of Cluster 4 and 3 in crust Haxby (17.4-14.6 Ma), the
diminished Pacific Pb isotope signal recorded from 14.6 to 10 Ma points to reduced southward export of PDW and
a northward ACC extension. This finding is in agreement with a coeval increase of the 5'>C gradient between
deep and intermediate water masses in the south Pacific (Holbourn et al., 2013), which has been interpreted as a
result of a more isolated PDW (Ma et al., 2018). The northward shift of the ACC may have been a result of
declining atmospheric pCO, resulting in advances of the Antarctic ice sheet, expansion of sea ice, and a northward
shift of both the westerlies and the main SO fronts (DeConto et al., 2008; Sangiorgi et al., 2018). The overall
sensitivity to atmospheric CO, forcing seems to have been lower for Miocene Antarctic ice sheets than for their
late Pleistocene counterparts. For instance, reconstructed Miocene atmospheric pCO, variations are about twice
as large as late Pleistocene variations (300-500 ppmv compared to 180 to 280 ppmv), but the amplitude of the
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changes of benthic 8'%0 and sea level in the Miocene was smaller than in the late Pleistocene (Foster & Roh-
ling, 2013; Greenop et al., 2014). Reconstructed atmospheric pCO, declined by approximately 100 ppmv over the
Middle Miocene Climate Transition (MMCT) at ~14 Ma (Foster et al., 2012; Zhang et al., 2013; Consortium
et al., 2023). However, a similar magnitude of pCO, decline during late Pleistocene glacial cycles (Liithi
et al., 2008), when CO, forcing of Antarctic ice sheet growth was stronger, was not sufficient to cause Pb isotopic
change between Pb isotope clusters (Figure 6e). Moreover, major pCO, fluctuations between high values over
500 ppmv and low values below 300 ppmv, and large-scale ice volume changes occurred multiple times from ~17
to 14 Ma (Greenop et al., 2014; Levy et al., 2016). If indeed the 100 ppmv decline of pCO, at ~14 Ma was capable
of causing the circulation change recorded by Pb isotope Cluster 4, then the larger scale pCO, decline from ~17 to
14 Ma should have caused ocean circulation changes of similar or even larger magnitude multiple times.
However, the shift into Pb isotope Cluster 4 was clearly only a single event lasting about 1 million years at around
14.6 Ma.

Given the lack of obvious atmospheric drivers, we thus suspect that tectonic processes have played the main role
in the circulation change recorded at 14.6 Ma. One possible cause is the closure of the Indonesian seaway during
the early Middle Miocene (17-15 Ma) (Nishimura & Suparka, 1997) that intensified Pacific gyre circulation
(Kennett, 1985). One piece of evidence supporting this scenario is that the gradual increase of the 2*°Pb/>**Pb
ratio in crust Haxby from ~17 to 14.6 Ma coincided with the decline of the 2°°Pb/>*Pb ratio in crust Nova
(Figure 4c), which occurred in response to the strengthening of Pacific deep circulation (van de Flierdt
et al., 2004). In addition, the onset of gradual increase in 2°°Pb/***Pb signatures from ~17 to 14.6 Ma also
followed the North Scotia Ridge opening at ~17.5 Ma and the gradual latitudinal extension of the DP that
persisted until the late Miocene (Barker, 2001; van de Lagemaat et al., 2021). As shown in Figure 6a, the widening
of DP from 20% to 60% of its modern width can lead to an about 20% higher current speed at 1,410 m water depth
near 60°S in the Pacific sector of the SO, but further DP opening from 60% to 100% width then only had a subtle
effect on ACC strength (Figure 7b). If the long-term opening of DP reached a critical width at ~14.6 Ma, it is
possible that it also caused at least part of the circulation change recorded by the Pb isotope Cluster 4 (14.6—
12 Ma). We thus suspect that Pb isotope Cluster 4 resulted from combined tectonic changes related to Indonesian
Seaway closing and DP widening. Future proxy and modeling studies are required to better constrain the
mechanism that caused ACC strengthening at ~14.6 Ma.

4.5. Dominance of RSBW (10-5 Ma)

Between 10 and 5 Ma, deep water circulation in the SO's Pacific sector already resembled the modern pattern. No
significant East Antarctic Pb isotope signal was recorded in any of the four analyzed crusts during this period
(Figure 6d). This finding indicates that, similar to today (Purkey et al., 2018; Solodoch et al., 2022), ALBW was
no longer the dominant AABW variety in the Pacific sector. On the other hand, the now clearly resolvable West
Antarctic Pb isotope signal in the Amundsen and Bellingshausen seas during this time interval (Frank et al., 2002)
documents enhanced RSBW production. Compared with the middle Miocene (17.5-14.6 Ma), the Pb isotope
composition of crust Haxby during this period contained less of a Pacific component (Figures 6b and 6d),
indicating a northward shift of the ACC. However, the ACC was likely located not as far North as during the
Pleistocene because the Pacific Pb signal still was a more prominent component in crust Haxby from 10 to 5 Ma
than during the Pleistocene (Figures 6d and 6e). The DP had already attained its full width at 10 Ma (van de
Lagemaat et al., 2021), and thus cannot have caused the drastic circulation change at that time. Instead, the
continued growth of the Antarctic ice sheet may have shifted the ACC position through a complex interplay
between wind field, ocean circulation and the sea-ice system (Knorr & Lohmann, 2014). The increase in RSBW
export at ~10 Ma coincided with enhanced middle Miocene Antarctic ice sheet growth (Flower & Kennett, 1995;
Vincent et al., 1985; Zachos et al., 2001). As shown in Figure 6¢, our simulations indicate that the thicker and
more expanded Antarctic ice sheet led to enhanced eastward deep water flow from the RS into the Amundsen Sea,
and a more vigorous clockwise current circulation along the Pacific margin of West Antarctica, likely driven by
wind field changes induced by ice sheet expansion.

4.6. Modern ACC Configuration (5-0 Ma)

Around 5 Ma, the Pb isotope signals in crusts DR153 and Haxby finally converged to their homogeneous
Pleistocene signatures, despite the difference in water depths between the two crusts (Figure 6e). Specifically, the
shallower crust Haxby showed an increased influence of a West Antarctic Pb isotope signal, while the deeper
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crust DR153 exhibited a less prominent RS Pb isotope signature. This change can be attributed to the reduced
presence of RSBW at depth and enhanced export of Pb sourced from the RS into the Amundsen Sea at shallower
water depths. Alternatively, the elimination of the Pb isotope gradient in the deep and abyssal SO from the Pacific
sector may also indicate stronger vertical mixing driven by more vigorous ACC dynamics. Another possibility is
that the eastern limb of the Ross Gyre extended far enough to influence crust DR153 prior to 5 Ma and then shifted
westward after 5 Ma, leading to the reduced RS Pb isotope signal recorded in crust DR153. Currently, crust Haxby
is situated under the easternmost limb of the Ross Gyre, while crust DR153 is located outside the Ross Gyre
(Wahlin et al., 2013).

These circulation changes coincided with the final stage of the closure of the Panama Seaway at 4.6 Ma (Burton
et al., 1997; Haug & Tiedemann, 1998), which prevented low-salinity waters from the equatorial Pacific to enter
the Atlantic at mid-latitudes, likely resulting in an overall stronger Atlantic Meridional Overturning Circulation
(AMOC) (Zhang et al., 2012). Originating in the North Atlantic, where cold, salty water sinks to form North
Atlantic Deep Water (NADW), the AMOC plays a key role in supplying deep water to the modern circumpolar
circulation system (Talley, 2013). The earliest estimate for NADW initiation is proposed at ~50 Ma, coinciding
with the inception of the Cenozoic global cooling trend (Hohbein et al., 2012). However, another body of studies
suggests that the initiation of NADW was closely associated with the onset of large-scale Antarctic glaciation at
the Eocene/Oligocene transition, 34.44-33.65 Ma (Abelson & Erez, 2017; Coxall et al., 2018; Wang et al., 2023).
Regardless of its precise timing, the AMOC structure remained in a prototype state until the Miocene. The Nd
isotope and benthic foraminiferal 8'>C records suggest that the modern-like AMOC geometry began to develop
around 10-9 Ma due to a major step in the closure of the Isthmus of Panama and the consequent cessation of low-
salinity Pacific waters entering the Caribbean (Kirillova et al., 2019; Woodruff & Savin, 1989). This timing aligns
with the onset of modern-like ACC in the Pacific sector of the SO as indicated by our Pb data at ~10 Ma
(Section 4.5). This coincidence suggests that the simultaneous intensification of NADW and RSBW production
was instrumental in shaping the modern-like ACC structure. Benthic foraminiferal $'>C records and model
simulations suggest that the final closure of the Panama Seaway at ~5 Ma had further enhanced the AMOC (Fyke
et al., 2015; Karas et al., 2017), which is also supported by our model results (Figures S8a and S8b in Supporting
Information S1). This change occurred along with a reduced presence of RSBW at depth (3,260 m) and enhanced
export of RS waters into the Amundsen Sea at shallower water depths, similar as indicated by Pb isotope record
(Figure 7e). The combined development of RSBW and an enhanced AMOC contributed to the formation of the
modern ACC system, making variability in the Ross Gyre a less likely explanation. Our findings reveal a close
connection between the ACC and AMOC since the middle Miocene, suggesting that a strong AMOC state was
critical for fully establishing the modern ACC system. Based on the Pb isotope time series, the Pleistocene ACC
configuration was likely established by ~5 Ma.

No substantial further changes in seawater Pb isotopic composition were observed in any of the crusts apart from
the change in the crust Tasman at ~3 Ma, caused by an imprint of Pb originating from local volcanic sources (van
de Flierdt et al., 2004). Remarkably, the onset of Northern Hemisphere glaciation (Raymo et al., 1992; Ruddiman
et al., 2017; Shackleton & Opdyke, 1977) and closure of the restricted Indonesian Seaway (Karas et al., 2011) at
3.5-3 Ma were suggested to have caused a fundamentally altered deep ocean circulation, but the minor and hardly
resolvable Pb isotopic differences during this time interval in all crusts studied here argue against such a pro-
nounced circulation change. Compared with the earlier oceanographic changes discussed above, the intensifi-
cation of Northern Hemisphere glaciation hence apparently only had very limited impact on ACC flow in the
Pacific sector of the SO.

Another important detail is that the >**Pb/?**Pb record in crust Haxby shows significant orbitally driven variations
over the past 850 kyrs, but the 2°°Pb/2**Pb—>"*Pb/**°Pb ratios only fluctuate within Cluster 1 (Figure 6e).
Therefore, the mechanism shifting the Pb isotope compositions from one cluster to another was unlikely of orbital
origin.

5. Conclusions

Our long-term seawater Pb isotope records of the past 20 Myr resolve five relatively stable and million-year long
circulation states of the ACC. According to our new data, the long-term evolution of ocean circulation in the
South Pacific and the SO's Pacific sector was characterized by several clearly defined step changes during discrete
events rather than gradual changes.
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Earth's final transition into the present “icehouse” state occurred after the MMCT at about 14 Ma (Holbourn
et al., 2005) and was accompanied by major ice-sheet expansion on the Antarctic continent (Gulick et al., 2017,
Zachos et al., 2001). Large-scale reorganizations of ocean circulation have long been suggested to have promoted
ice sheet expansion in Antarctica by preventing poleward heat transport from low latitudes (Kennett, 1977). Our
results show that the southward shift of the ACC and enhanced poleward export of PDW between 17.4 and
14.6 Ma coincided with the warm MMCO and substantial Antarctic ice sheet melting (Levy et al., 2016; She-
venell et al., 2008). The following MMCT was marked by ~2°C cooler temperatures in the SO (Shevenell
etal., 2004) and Antarctic ice sheet expansion (Holbourn et al., 2005), and coincided with a significant circulation
change in the Pacific sector of the SO involving the enhanced export of ALBW and a northward shift of the ACC.
We mainly attribute these circulation changes to tectonic processes, possibly also superimposed by climatic
effects associated to the decline of atmospheric pCO,.

We find that a circulation regime close to the modern ACC in the study area formed after about 5 Ma, probably as
a consequence of the closure of the Panama Seaway. The onset of a modern type ACC circulation occurred long
after the opening of the two main SO gateways, that is, the TG and DP. This is in agreement with modeling results,
which suggest that the simple opening of these two SO gateways is not sufficient to generate the modern ACC
flow (Evangelinos et al., 2024; Sauermilch et al., 2021). Overall, the results of our study offer novel insights into
distinct Neogene circulation changes in the SO with important implications for the understanding of the inter-
action between ACC evolution, tectonic activity and Antarctic ice sheet changes.
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