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Increased supply of the micronutrientiron promotes export production
intheiron-limited Southern Ocean, thus acting as a dynamic sink of

atmospheric CO, that has amplified past climate variations. This mechanism
istypically considered to be regulated by the amount and solubility of
irondelivered by aeolian transport. Here we use sedimentological and
geochemical tracers to investigate iron input and carbon uptake in the
largest sector of the Southern Ocean Antarctic Zone. Our data show that
millennial-scale variations in West Antarctic Ice Sheet dynamics controlled
both the supply of particulate iron and lithogenic particle composition
(affecting particle solubility) in the Pacific Antarctic Zone over the last
500,000 years. Rather than the total iron input, a higher abundance of
chemically more pristine glaciomarine particles (high particle solubility)
was critical for providing bioavailable iron, which enhanced export
production. High lithogenic iron fluxes are characterized by chemically
mature particles (low particle solubility), in particular during phases

of pronounced ice loss in West Antarctica. The corresponding export
production was low, indicating that this ‘ice-sheet-iron feedback’ is positive
during these retreat phases. Accordingly, future West Antarctic Ice Sheet
retreatis likely to decrease carbon uptake in the large Pacific sector of the

Southern Ocean.

SouthernOceanFe fertilization has attracted much attention due toits
critical role in amplifying natural global cooling trends' > and as a strat-
egy toartificially reduce atmospheric CO, levels"*. The current supply
of Fe available for biological uptake from upwelling is insufficient for
the Southern Ocean biological pump to operate at full capacity, thus
leaving alarge pool of unused macronutrients in the surface ocean®”.
Accordingly, the additional (natural or anthropogenic) input of Fe
induces phytoplankton blooms in this largest Fe-limited high-nutrient/
low-chlorophyll area of the global ocean®.

Pleistocene glacial-interglacial cycles provide the opportunity
tostudy theinfluence of changesin Fe input from continental sources
on Southern Ocean primary production***7°, The Subantarctic Zone
(SAZ; Fig. 1) is typically considered the key region where natural

mineral-dust-driven Fe fertilization amplifies cooling trends during
glacial periods®**'°. Increased input and partial dissolution of dust
during glacials provided bioavailable Fe, thus promoting primary
and export productioninthe SAZ that contributed to the accelerated
reduction of atmospheric CO, levels>**'*", This is in contrast to the
Antarctic Zone (AZ) south of the Antarctic Polar Front (APF) (Fig. 1).
Duringglacial intervals, low primary productioninthe AZ results from
the combined effects of reduced upwelling of macronutrients fromthe
deep ocean™, decreased sea surface temperatures” and expanded
sea-ice cover'. During interglacial intervals, the environmental con-
ditions stimulate primary production™'*'”**, Carbon export to the
deep oceanis high and efficient south of the APF under warm climate
conditions'?°, promoted by a higher abundance of ballast material
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Fig.1|Map of the Southern Ocean. White arrows indicate iceberg drift***.
Brown plumes and arrows indicate major dust input trajectories***. The key
locationsincluded in Figs. 2 and 3 are as follows: Antarctic ice core EPICA Dome
C (EDC)**%¢, South Pacific sites PS58/254*%, PS58/266, PS75/056, PS75/059°%
and PS75/072", and South Atlantic Ocean Drilling Program (ODP) Site 1090 and
Site 1094". Southern Ocean fronts are taken fromref. 69. STF, Subtropical Front;
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SAF, Subantarctic Front; APF, Antarctic Polar Front; SACC, Southern Antarctic
Circumpolar Current Front; SAZ, Subantarctic Zone; PFZ, Polar Frontal Zone;
AZ, Antarctic Zone; RS, Ross Sea; WS, Weddell Sea; AS, Amundsen Sea; BS,
Bellingshausen Sea; PIB, Pine Island Bay; MBL, Marie Byrd Land. Antarcticice
divides are shown as grey lines, and ice sheet and shelfboundary extensions as
black lines)’®”". Base map produced with Ocean Data View.

such as opalfrustules produced by diatoms, resulting in a high potential
of >50% for carbon export below the mixed layer?.

Chemically pristine (unweathered) sediments associated with
glacial erosion and/or iceberg/sea-ice processes release more Fe, which
ispotentially available for uptake by primary producersin the Southern
Ocean”?°, Agrowing amount of observational dataare improving our
understanding of recent changes in Southern Ocean Fe cycling, primary
productionand carbon export”, but the long-term variations over full
glacial cycles are less wellunderstood, and studies have focused on the
dust-Fe feedback in the Southern Ocean SAZ**%10252%,

Aside from dust-Fe input, the AZ generally receives consider-
able amounts of lithogenic and potentially bioavailable Fe from
ice(berg) rafted detritus (IRD) (Fig. 1)*>***>3°3!_ During glacials,
lithogenic mass accumulation rates (MARs) increased near the
ice-covered Antarctic continental shelves, whereas primary produc-
tion was limited by increased sea-ice cover®’. North of the zone of
permanent sea-ice cover, growth potential was available for primary
producers during the ice-free summer season in the AZ, even under
peak glacial conditions'®’®. Notably, most existing reconstructions
of mass accumulation in the AZ are based on sedimentation rates
and limited by low temporal resolution®, and can easily be biased
by post-depositional sediment reworking”*. This is a major issue in

quantitative reconstructions of marine particulate input and deposi-
tion (Methods), which implies that glacial-interglacial variations in
lithogenic Fe fluxes, their geochemical composition and their influ-
ence on export production are overall relatively poorly constrained
for the Southern Ocean AZ. Constant flux proxies such as the highly
particle-reactive radioactive isotope 230-thorium (**°Th) can help to
overcome this problem and provide robust quantifications of marine
particle fluxes for the past ~500 ka (kiloanni =1,000 years)>. Here,
we combine Z°Th-normalized tracers of lithic fluxes and export pro-
duction with geochemical constraints on sediment mineralogy as
indicators of Fe source and solubility in the surface ocean (Methods).
Comparison with records from the SAZ further north shows that the
mode of change in productivity and carbon uptake is controlled by
bioavailable Fe from the partial dissolution of IRD in the South Pacific
AZ, closely coupled to the dynamic interaction of the West Antarctic
Ice Sheet (WAIS) with the underlying bedrock.

The source of iron

This work uses South Pacific sediment core PS58/270-5, recovered
from a water depth of 4,981 m at 62.028° S and 116.123° W (Fig. 1).
The lithology consists of diatom ooze that contains mud with some
larger clasts (Methods and Extended Data Fig.1) and the age model is
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Fig. 2| Timing, magnitude and composition of lithogenicinputin the
Southeast Pacific. a, EPICA Dome Cice core deuteriumisotope (D) (dark
grey)°® and dust flux (violet) records”. a, time. b, Diatom-based reconstruction
of winter seaice (WSI) cover with three-point running average (black)

and 5.5% uncertainty range (grey). c, Fe fluxes normalized to 230-thorium
excess (®°Th,,) for PS58/270-5 (dark red). Grey line: high-resolution Fe flux
record calculated from interpolated mass fluxes and XRF scanner-derived
calibrated Fe concentrations for the last ~386 ka. Fe fluxes before ~386-ka

BP (BP =before present) were extrapolated based on the correlation of Fe
fluxes and concentrations in the upper part (<386 ka BP) (r=0.75, regression
forced through 0). d, 2*°Th,-normalized lithic fluxes, calculated using upper-

continental-crust compositions’ and Al (light orange), Ti (orange) and *’Th
(dark red) concentrations of PS58/270-5. e, Counts (grey) and fluxes (black) of
>250-pm grains indicating IRD input at site PS58/270. f, Lithogenic ?**Th fluxes
with propagated uncertainties for AZ core PS58/270-5 (olive lines with golden
shading) compared to SAZ core PS75/056-1 (white shading) representing dust
input for the last -270 ka'°. MIS, Marine Isotope Stage. Note that the grey bars
are aligned with the end of peak glacial intervals, highlighting their offset to
the maximain lithic fluxes at site PS58/270. Error bars are shown as propagated
errors where they exceed the line thickness, unless stated otherwise** (more
details are provided in the Methods).

based primarily on diatom stratigraphy (Methods and Extended Data
Figs. 2-4). Particle fluxes were calculated by normalization to **°Th
excess (*°Th,,)**** (Methods and Extended DataFig. 5). High-resolution
element concentrations were calculated by combining discrete sample
results with X-ray fluorescence scanner data (Extended Data Fig. 6).
To trace the origin of the Fe in core PS58/270-5, we compared our Fe
concentration datawithrefractory elementssuchas Al, Ti,Y and **Th
(Fig.2c-fand Extended DataFig. 7). The excellent correlation between
these lithogenic elements excludes relevant authigenic Fe enrich-
ment* in our samples, thereby confirming the lithogenic origin of
Fe at this location.

Mineral dust from arid and semi-arid areas in Australia/New
Zealand and South America is typically considered the dominant
supply of lithogenic particles in the remote South Pacific’****¢, How-
ever, the timing and magnitude of lithogenic fluxes in PS58/270-5 are
clearly different to the nearly pure dust signals recorded in SAZ core
PS75/056-1'°% (Fig. 2f) and in Antarctic ice core samples® (Fig. 2a).
Accordingly, when the lithogenic fluxes in PS58/270-5 exceed the
fluxes in core PS75/056-1, non-aeolian transport must have contrib-
uted to the total lithogenic input at site PS58/270 (Fig. 2f). As the
winter sea-ice cover is typically low and/or decreasing during the
warming intervals of high lithogenic input (Fig. 2), sea-ice-hosted
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Fig. 3| Mineral solubility and export productionin the South Pacific.

a, Southeast Pacific Fe fluxes (red) for subantarctic core PS75/056-1representing
dustinput, and for core PS58/270-5. Grey line: high-resolution Fe flux record

for PS58/270-5, calculated as described in the caption of Fig. 2. b, Mg-Ti (black)
and Fe-Ti (grey) ratios of discrete sample digests. ¢, CIA (black) (CIA = Al,O,/
[AL,O; + CaO* + Na,0* + K,0] x 100, where CaO* and Na,O* represent lithogenic
CaO and Na,O, respectively)**, calculated from discrete sample measurements
superimposed on calibrated XRF scanner based Ti-Ca concentration data for
PS58/270-5 (red-brown) (also Extended Data Fig. 5c,e). Datashowninband ¢
reflect changesin lithogenic particle maturity indicative of partial solubility.

d, Opal (green) and Ba excess fluxes (black; Ba,: indicator for biogenic Ba
deposition calculated as Ba, = Bayy, — Bajinogenics Bajitnogenic Calculated using
thorium and titanium concentrations and upper continental crust values)”.

e, Total carbon fluxes (C,,,) as an indicator for organic carbon in core PS58/270-5.
f, Ba/Fe as a qualitative indicator of export production in core PS75/072-4* and

at ODP Site 1094 in the Southeast Atlantic”. g, Opal content in core PS75/059-2,
indicating export production in the subantarctic Southeast Pacific’. h, Antarctic
ice core record of atmospheric CO, from EPICA Dome C®. Specific locations are
showninFig. 1. Error bars are shown as propagated errors where they exceed the
line thickness**. See Methods for more analytical details.

lithogenic particles are unlikely to cause the high total lithogenic
fluxes at site PS58/270.

Instead, we consider IRD from Antarctica’sice shelvesasanimpor-
tant source of lithogenic particles in the AZ. Consistent with iceberg

trajectories®**°, Antarctic ice shelves are the only source that can
support the high lithic Fe fluxes of up to ~25 mg cm2ka™, exceeding
concurrent dust-Fe fluxes recorded in PS75/056-1'>** by up to one order
of magnitude (Figs. 2¢,f and 3a) during phases of low sea-ice cover
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(Fig. 2b). South Pacific time slice reconstructions of lithogenic fluxes
near the APF show the highest fluxes in the Amundsen Sea sector'®*..
This west-east gradient suggests that East Antarctic sources play
aminor role in Southeast Pacific sediment deposition, and further
points to a West Antarctic origin of the lithogenic input recorded at
site PS58/270 (Fig.1). As aresult, the lithogenic input at site PS58/270
reflects, overall, amixed signal of dust input from lower latitude sources
and IRD from West Antarctica, with the latter clearly dominating during
deglacial and peak warming intervals (Fig. 2c,d).

Lithogenicinput traces WAIS dynamics

The high contribution of ice-rafted sediments from West Antarcticato
the total lithic input flux at the remote location of PS58/270-5 (up to
~90% during MIS5e) is corroborated by the corresponding increases
in IRD fluxes (Fig. 2e). This is generally consistent with model results
forsedimentinput from West Antarctica*’, modern®**’ (Fig.1) and past
patterns oficeberg drift*°, as well as with reconstructions of Pleistocene
changesinthe erosional pattern of the marine-based parts of the East
Antarctic ice sheet in the Wilkes subglacial basin*.

The intervals of high IRD input comprise a large range of values
from <45to0~65 for the Chemical Index of Alteration (CIA = Al,0,/[Al,O,
+Ca0* + Na,O* + K,0] x 100)** (Fig. 3c). Higher values reflect increased
loss of the more soluble elements Ca, Naand Krelative to the refractory
Al, thus tracing exposure to chemical weathering and/or provenance**
(Methods). Physical grinding of rocks and sediments is enhanced by
glacial activity, sowe ascribe the low CIA and Ti/Ca values to the supply
of largely unweathered (fresh) high-Fe/Mg rock debris and minerals
from West Antarctic sources, such as the hornblende and biotite-rich
rock formations in Marie Byrd Land® (Fig. 1). This is supported by
other elementratios sensitive to changes in sediment mineralogy. For
example, high Fe/Ti, Fe/Th, Mg/Ti and Mg/Th (relatively enriched Fe
and Mg) correspond systematically with low CIA and Ti/Ca (Fig. 3b,c
and Extended Data Figs. 8a-d, 9 and 10).

The extremely dry and cold conditions in Antarctica generally
preclude high chemical weathering rates, and the chemical leaching
of freshly ground rock material during (sub)glacial melt processes***’
seems unlikely to drive the large CIA variationsin PS58/270-5. However,
sediments with elevated CIA values of 70 and high Ti/Ca of -1 are com-
mon onthe West Antarctic shelves** . Their erosion could explain the
increased CIA and Ti/Cain PS58/270-5 during peak glacial intervals with
maxima in WAIS extent and subsequent deglacial ice sheet decay”'.
Importantly, lithologies with high CIA and Ti/Ca are not limited to the
West Antarctic shelf areas, but are derived from physical erosion of
chemically weathered pre-Oligocene West Antarctic sediment rocks,
which contain high amounts of kaolinite (-20%)***>*°.

Rock debris at the base of Byrd ice core in West Antarctica contain-
ingup to-40% kaolinite*’ suggests that this area could be an ‘upstream’
source of the kaolinite-rich shelf deposits transported toward Pine
Island Bay (Amundsen Sea)*’, the Antarctic continental margin at site
PS58/254* (Extended Data Fig. 9b), open AZ site PS58/266-3 (Fig. 1
and Supplementary Fig.1) and/or the Ross Sea shelf*. Erosion of these
lithologies in central West Antarctica may therefore explain high CIA
and high Ti/Cavalues corresponding typically with high IRD and total
lithogenic fluxes during peak warm intervals (r= 0.67,P< 0.001,n =139
for CIA and Fe fluxes) at site PS58/270 (Fig. 3a,c). This is particularly
interesting during MIS5e and 11, when high lithic input fluxes and high

ClAvalues (Fig. 3a,c) coincide with large-scale retreat of the dynamic,
marine-based ice sheets in East and West Antarctica*>**>.

The close relationship between sediment origin and lithogenic
fluxes suggests further that the lithogenicinputis driven primarily by
ice dynamics at the source rather than by oceanographic and atmos-
pheric conditions during transport. Therefore, the observed changes
in lithogenic flux of up to an approximately fivefold increase relative
totheLate Holocenelevels (Fig. 2¢,d,f) are ascribed to WAIS dynamics
driving variations in iceberg size, abundance and/or sediment load
whentravelling towards the open South Pacific (Fig. 4). The timing and
magnitude of WAIS-driven lithogenic input fluxes for PS58/270-5 are
generally consistent with Last Glacial Maximum-Holocene time slice
data from the South Pacific'®, but clearly offset from typical glacial-
interglacial variations in the dust-dominated Pacific SAZ>**** and from
other sectors of the Southern Ocean AZ where differentice-sheet and
IRD dynamics led to high lithogenic fluxes during glacial intervals>**.
Importantly, these processes supply essential micronutrients includ-
ing Fe to the Fe-depleted Southern Ocean®*°, implying that WAIS
dynamics have a far-reaching impact on marine primary production
in the large Pacific AZ.

Export production driven by particle solubility

The peaksinexport production donotalign withinterglacial intervals
of high upwelling intensity typically considered to enhance nutrient
supply (including Fe)*® and primary productionin other sectors of the
Southern Ocean AZ"*'**° (Fig. 3d-f), nor with the timing of changes in
the SAZ (Fig. 3g). Instead, elevated export production corresponds
systematically with theinput of fresh, unweathered material, indicated
by low CIA values, which are associated with a higher abundance of
more soluble Fe(ll)/Mg-rich (mafic) rocks and rock minerals such as
hornblende and biotite (Extended Data Figs. 8a-g, 9d,e and 10)*. This
isexpressed in anegative correlation between opal fluxes and the CIA
(r=-0.69,P<0.0001,n=139) aswellaswith Ti/Ca (r=-0.65,P < 0.0001,
n=139) over the past 400 ka (Fig. 3c,d and Extended Data Fig. 8f,g).

A striking example of this relationship is again MIS5e, when total
Fe fluxes peaked (Fig. 3a) and opal, carbon and Ba,, fluxes indicate
low export production (Fig. 3d,e), despite largely ice-free conditions
(Fig. 2b) and strong upwelling leading to high macronutrient availabil-
ity in the Southern Ocean AZ"'**°, Only with decreasing CIAand Ti/Ca
(more fresh material) is a pronounced increase in export production
evident, starting at ~90 ka BP (kiloanni before present) (Fig. 3b-¢e). In
contrast, peak glacial intervals feature reduced export production,
high CIA and high Ti/Ca values (weathered material), probably due to
the maxima in WAIS extent™ delivering primarily West Antarctic shelf
sediments*®*° to site PS58/270. Increased sea-ice cover (thatis, ashorter
growth season) and/or reduced availability of macronutrients* may
have further contributed to the minimainexport production at these
times (Figs.3d-fand 4).

Based on these observations, we propose that the chemical
composition/maturity of the lithogenic sediments traces particle
solubility and Fe bioavailability acting to control export production
in the Pacific AZ. Modern observations show that the chemical form
and bioavailability of Fe, rather than the total flux, are important fac-
tors controlling primary productivity®. Icebergs carry large amounts
of particulate Fe that partially dissolves in melt- and seawater, thus
increasing the concentration of bioavailable Fe and productivity upon

Fig.4|Schematic of major phases of ice-driven carbon uptake in the Southeast
Pacific over the last glacial cycle. a,c,e,g, Overview maps of modern’®” and
modelled past Antarctic ice-sheet extent®>** for present (a), marine isotope

stage (MIS) Se (c), late MISS (e) and the Last Glacial Maximum (g). Iceberg drift
paths are indicated by white arrows®**°. Ice shelves in the model results are
indicated inlight grey. Note that different parameterization of this ice-sheet
model can produce amuch stronger retreat of grounded ice in the Ross Ice

Shelf region for MIS5e*. b,d,f h, Simplified transects summarizing location,

magnitude and impact of IRD in the South Pacific AZ for the respective time
intervals, in comparison with concurrent dust-dominated Fe fertilization in

the SAZ. Red filled circles show the location of site PS58/270. Dust plumes are
indicated inbrown. Blue arrows indicate Southern Ocean upwelling and water
mass transformation. WAIS, West Antarctic Ice Sheet; PIG, Pine Island Glacier;
TG, Thwaites Glacier; SWW, Southern Westerly Winds; C,,,, organic carbon. Base
maps were produced with Ocean Data View.
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melting and fragmentation of icebergs over large ocean areas”****%%,
We note that our dataset is unable to constrain the biogeochemical
cycling of the Fe fraction released from lithogenic particles in the
surface ocean (including Fe recycling, precipitation, scavenging or
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laboratory experiments showing that unweathered mafic Fe(ll)-rich
sediments release more bioavailable Fe into seawater than weathered
sediments®, a mechanism that has promoted diatom growth in the
Southern Ocean SAZ during the last glacial cycle'. Asimilarimpacton
exportproduction hasrecently been linked to short-lived IRD inputin
the Atlantic SAZ®". Available evidence reflects the critical influence of
provenance/mineralogy of subglacially eroded Antarctic bedrock on
the supply of bioavailable Fe to the large South Pacific AZ over the last
~500ka (Figs.1and 4).

Interestingly, the extended minima in export production during
MIS2-4 and MIS6 in Southwest Pacific AZ core PS75/072-4" (Fig. 3f) are
notevidentinthe Southeast Pacific AZ (Fig.3d,e), despite their similar
distance from the APF (Fig. 1). The difference in timing of export pro-
ductionbetween the Southwest and Southeast Pacificimplies that the
lithogenic Feinput from West Antarctica was not a critical influence on
export productionin the Southwest Pacific. This can berelated either
toamoredirect control viamacronutrient availability in the Southwest
Pacific'*, and/or the lithogenic material reaching the Southwest Pacific
was delivered from different sources withreduced variation in bioavail-
able Fe supply. The latter would imply that the West Antarctic-derived
sediments reaching site PS58/270 did not pass through the western
Ross Gyre transporting lithogenic material to the Southwest Pacific*.
Instead, the IRD was delivered directly from West Antarctica towards
the open Southeast Pacific following modern iceberg drift patterns
(Figs.1and 4) and in agreement with data-model integration of sedi-
ment provenance*” and lithogenic particle flux data'*.

Impact of WAIS-driven Fe fertilization on
carbon uptake
The peak opal fluxes of -1.2 g cm2ka recorded in PS58/270-5 are higher
than the maxima of most opal flux reconstructions from the Pacific®"',
Indian*” and Atlantic SAZ**“* (typically <0.5 g cm2ka™) that are consid-
ered to play a major role in the drawdown of atmospheric CO, during
glacial intervals*’. To showcase the relevance of the observed variations
in opal, carbon and Ba,, fluxes (Fig. 3d,e) for glacial-interglacial CO,
levels, we carried out a simple calculation based on the assumption that
therelative variationsin export production at the remote site PS58/270
(Fig. 1) are diagnostic for the entire Southeast Pacific AZ (area south
of -60° S, between -60° W and -140° W, excluding shelf areas). That s,
icebergs would continuously release bioavailable Fe to the AZ during
theirjourney from the West Antarctic margin towards site PS58/270%*%,
Observational datafromthis region show anaverage annual particulate
organic carbon (POC) flux of42.5 g C m~out of the mixed layer for the
years 2016/2017 and 2017/2018%. Assuming that this flux represents
Late Holocene levels, the two- to threefold increase in peak Ba,, carbon
and opal fluxes in comparison with Late Holocene values suggests an
increase of carbon export in the Southeast Pacific from ~-0.18 Pg C a™
t0~0.36-0.54 Pg C a™. This is equivalent to an increased reduction in
atmospheric CO, from-0.08 to ~0.17-0.25 ppma™

These estimates do not consider possible changes in ocean
stratification’, nutrient and carbon cycling®, areas outside the Pacific
AZ with occasional increases in IRD-driven export production® or
ecological community shifts®*** that may act to further alter the net
effect on atmospheric CO, concentrations. However, these calcula-
tions show that the magnitude of WAIS-driven changes in export
production in the Southeast Pacific AZ could have a notable influ-
ence on atmospheric CO, levels on multidecadal to orbital time-
scales. Because this mechanism is dependent on the character of
the eroded Antarctic bedrock, the timing is complex and differs
from insolation-driven glacial-interglacial climate variations. The
increased export production, and thus an enhanced CO, removal
potential, is typically observed during interglacial and early gla-
cial cooling intervals®>®® (Figs. 2a and 3d,e). Consequently, these
processes in the Southeast Pacific AZ would have contributed to
the ~-50-60 ppm decreases in atmospheric CO, observed early in

the Pleistocene glacial cycles® that are unrelated to the Southern
Ocean dust-Fe feedback®**'° (Fig. 3a,h and Extended Data Fig. 9g).
Assuch, the WAIS-drivenincreases in export production and carbon
sequestration in the Pacific AZ amplified early glacial cooling when
the Southern Ocean dust-Fe feedback was weak.

Moreover, the preserved Late Holocene sedimentary carbon
fluxes of ~1.3 mg cm™ka™ at site PS58/270 (Fig. 3e) are only ~0.03%
of the observed export fluxes from the mixed layer®. Assuming that
this proportion was invariable over Pleistocene glacial-interglacial
cycles, theintervals of elevated productivity resulted inanincreasein
long-term sedimentary carbon storage in the Southeast Pacific AZ that
was equivalent to~0.5 ppmof atmospheric CO, per10 ka. Theaccumu-
lative effect of the repeated increasesin WAIS-controlled sedimentary
carbon depositionwould therefore have contributed to the long-term
Pliocene-Pleistocene cooling trend.

These findings from the South Pacific highlight the need for
similar studies from other sectors of the Southern Ocean to better
constrain the sensitivity of the Southern Ocean CO, sink and biogeo-
chemical cycles to changes in subglacial erosion on different time-
scales. We expect that future warming and ice loss in Antarctica will
induce additional complexity to the predicted changes in Southern
Ocean primary production, biogeochemical cycles, ecosystems and
ultimately the carbon budget™**’ through a positive ‘ice-sheet-Fe
feedback’ when the retreating WAIS erodes highly weathered sub-
glacial lithologies, providing reduced amounts of bioavailable Fe to
the South Pacific AZ.
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Methods

Sample locations and bulk sediment composition

For this study we used sediments from multicore PS58/270-1and piston
core PS58/270-5recovered from awater depth of4,981 mat 62.028° S
and116.123° Winthe South Pacific (Fig.1). The cores were recovered just
south of the APF during RV Polarstern expedition PS58 (ANT-XVIII/5a)
in 20017°. We note that the section 1,995-2,095 cm was most likely
curated in reverse order, so all data from this section are presented in
arevised stratigraphic order.

Bulk sediment parameters were determined at the Alfred Wegener
Institute Bremerhaven using standard procedures’, and are reported
withacorrection for pore-water salt content®>*”*. Counts of clastic grains
larger than 250 pum were identified from downcore X-radiographs
following the method of ref. 75 and converted to 2*°Th,.-normalized
fluxes (as described in the following). Located below the carbonate
compensation depth, calcium carbonate (CaCQ,) is virtually absent
in this core. The total salt-corrected carbon content is overall low
at 0.19% + 0.05 (2 s.d., n=229) and uncorrelated with Ca (R*<0.1)
(Extended Data Fig. 1a,b). The Ca content is thus primarily lithogenic
inorigin (see also the correlation with lithogenic tracer ®?Th shownin
Extended Data Fig. 7b) and the total carbon content represents total
organic carbonin PS58/270-5. The depositional environment is, how-
ever, dominated by opal'®, ranging from -30 to 90% (median of 81.4%),
and terrigenous input ranging from near 0% to ~60% in PS58/270-5
(median of 18.4%) (Extended Data Fig. 1b,c).

Chronology of core PS58/270-5

The age model of core PS58/270-5was constrained primarily by the last
occurrence dates (LODs) of Rouxia leventerae, Hemidiscus karstenii,
Rouxia constricta and Actinocyclus ingens and diatom-based sum-
mer sea surface temperature (SSST) reconstructions®*. The SSST
reconstructions use the Imbrie and Kipp method adopted for dia-
toms with a root-mean-square error of prediction (RSMEP) of 0.83 °C
(refs.16,76,77). Age tie points were determined by correlation with the
EDC temperature signal (n =19 in total)*® (Extended Data Fig. 2a,b).
We further identified time intervals where 2°Th,-flux normalized
lithogenic input tracers (such as 2**Th and Fe) in PS58/270-5 are simi-
lar to the dust background fluxes for core PS75/056-1in the SAZ'%*%
(Extended Data Fig. 2e). For these intervals only, the diatom-based
stratigraphy was refined by tuning the high-resolution X-ray fluo-
rescence (XRF) scanner Fe data to the EDC dust record (n=6)*
(Extended DataFig. 2c,d).

The age of the youngest part of our sediment sequence at site
PS58/270 was constrained by the analysis of excess ?°Pb (*°Pb,;
analytical details are given in the following) in multicore PS58/270-1
(Extended DataFig. 3a). Calculated *°Pb,.-derived ages yield sedimen-
tation rates of -89 cm ka™, which is higher than the entire older part
of core PS58/270-5, with an average sedimentation rate of -5 cmka™
for the last ~500 ka. We are unable to determine whether this high
sediment accumulation is real or an artefact related for example to
bioturbation or inaccuracies of the constant rate of supply model for
20pp,  at this location. However, the fact that 2°Pb,, is present in the
top 5 cm of multicore PS58/270-1 provides valuable age constraints,
even in the limit of changing ?°Pb supply and/or bioturbation. The
20pp,__activity disappeared between depths of 4-5 cm and 10-11 cm,
so we consider the mid-point at 7.5 cm as the depth where all *°Pb, is
decayed (half-life of ~22.2 a). This should be the case after eight ?°Pb
half-lives, implying an age of -0.18 ka BP at 7.5-cm depth. Extrapolating
theresulting sedimentation rateyields an age of ~-0.25ka BP at 10.5-cm
depthin PS58/270-1.

Because the top part of piston core PS58/270-5 was lost during cor-
ing, the stratigraphy was completed by splicing inmulticore PS58/270-1
fromthe samessite. Based on water content, dry bulk density and total
carbon content*, 1.5-cm depth in PS58/270-5 was identified to be
equivalent to ~10.5-cm depth in PS58/270-1. Thus, the youngest age

tie pointat 1.5 cmin PS58/270-5is 0.17 ka BP (BP =1950). Considering
thatthe next tie pointat10.23 ka BPis at adepth of 92 cm (PS58/270-5
depthscale), the uncertaintiesin the age-depthrelationship inthe top
few centimetres of PS58/270-1have anegligible effect on the (Holocene
section of the) age model of PS58/270-5. Including the additional tie
point for the youngest part of the sediment sequence, the age model
was derived fromlinear interpolation between the individual tie points
(Extended Data Fig. 2a). Linear interpolation was chosen to avoid
smoothing of the age-depth relationship across intervals of rapid
change in sedimentation rate (Extended Data Figs. 4a and 5). The
resulting age model is consistent with expected glacial-interglacial
systematics of winter sea-ice cover reconstructed from diatom assem-
blages using the modern analogue technique (MAT) with a RMSEP of
5.5%'°*7% (Fig. 2b).

Moreover, this age model was compared to 2°Th,-derived ages
calculated following the approach described by ref. 79 (Extended
Data Figs. 3b and 4b), which assumes a constant rate of supply for
20Th,, inventories over climatic cycles. The approachis typically inac-
curate for the youngest part of sediment cores’. However, our results
show an overall remarkable agreement between the twoindependent
age models for the last -300 ka (Extended Data Fig. 4b). We analysed
samples for their U-Th isotope composition only down to a depth of
1,983 cmin PS58/270-5 (corresponding to an age of -390 ka BP), imply-
ing that the depth where #°Th,, = 0 is below the depth 0f 1,983 cm.
Therefore, the 2°Th, budget is not fully constrained by data towards
the bottom of core PS58/270-5, as required for this approach”. To
calculate®°Th,-derived ages for the deeper part, we extrapolated the
exponential decrease in*°Th, activity in the upper 1,983 cm towards
the bottom of the core (Extended Data Figs. 3b and 4b). Inaccuracies
in these estimates are considered to cause the systemically increased
deviation of the *°Th,-derived age modelin the oldest part of the core.

210pp activity measurements

Foursamplesbetweendepths of2and 11 cminthe multicore PS58/270-1
were analysed by non-destructive gamma spectrometry for their 2°Pb,
24ph and #*Bi activities using an ultralow-level germanium gamma
detector (Canberra GCW2522 and Canberra InSpector DeskTop) at
the Institute for Chemistry and Biology for the Marine Environment
(ICBM) at the University of Oldenburg?®*. For the gamma counting,
freeze-dried samples were homogenized, filled into polysulfone tubes
(withadiameter of1cm) and compressed to a height of 3.5 cm. Before
analysis, all samples were stored for one month to reach secular equi-
librium between the parent isotope *Ra and its short-lived daughter
products **Rn,**Pb and ?*Bi. Depending on the expected activity, the
individual sample signals were counted for ~-5-6 days. The activities
of isotopes °Pb (46.4 keV), 2*Pb (352 keV) and #*Bi (609.3 keV) were
corrected for detector efficiency and intensity with certified reference
material UREM-11 (uranium ore). Supported '°Pb activity from the
insitu decay of *Rain the samples was determined as the activity of its
short-lived daughter product**Pb. Unsupported excess »°Pb (*°Pb,)
activity was calculated as the difference between total >°Pb activity
and **Pb activity. The uncertainties ranged from ~5% for 393 Bq kg at
2-3-cmdepthto12.5% for 198 Bq kg at4-5-cm depth. Estimates of age
and sedimentation rates were derived from a constant rate of supply
model and the logarithmic downcore decrease of 2°Pb,, activity®*®.,
These %°Pb,-derived ages were used to constrain the youngest part of
the sediment sequence at site PS58/270 as described above.

U-Th analysis of bulk sediment samples

A total of 144 samples (including five full replicate samples) were
selected for U-Th analysis to calculate #*°Th,-normalized mass
fluxes for the past ~400 ka. Sample preparation and analysis at
Lamont-Doherty Earth Observatory (LDEO) of Columbia University
followed previously published procedures®>®. In brief, ~100 mg of
freeze-dried bulk sediment was spiked with ?**Th and 2*°U before
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HClO,-HF-HNO;-based sample digestion for ion-chromatographic
separation of U and Th from the sample matrix using Fe coprecipitation
and 2 ml Bio-Rad AG1X-8 resin (100-200 mesh)®*. Mass spectrometric
analysis of Uand Thisotopes was carried out in 2% HNO, matrix using
aThermo Scientific Element Ilinductively coupled plasma mass spec-
trometer (ICP-MS) at LDEO. External reproducibility was estimated
by repeat analysis of the VIMS reference material®, yielding 3.6% for
20Th, 2.8% for 22Th, 3.8% for *U, 4.0% for **U and 4.0% for ®U (ref.
34;1RSD (relative standard deviation, n = 8). Blank contributions were
below 0.1% for all analysed U and Thisotopes, except for 2*U, which had
blank contributions of <0.3%.

TheUand Thisotope datawere usedto calculate *°Th,.-normalized
mass fluxes* following published procedures®. This requires correc-
tion for the 2°Th supported by the decay of lithogenic and authigenic
U, forwhichwe used alithogenic 28U/**Th activity ratio of 0.525 + 0.014
(2s.d., n=4) estimated internally from PS58/270-5 samples with the
lowest *8U/?**Th activity and the highest **Th concentrations of
8.9-10.9 pg g™ (similar to the crustal average of 10.7 pg g™)’%. This
lithogenic 28U/**Th activity ratiois consistent with expected values for
the Southern Ocean®. The normalized mass fluxes were calculated as

Bro xz

Mass flux =
A0, (0)

where 3,5, is the production rate, z is the water depth in centimetres,
and Ay, (o) is the decay-corrected *°Th,, activity (ref. 33 provides
details). Propagated uncertainties were calculated at the 2o level for
all*°Th,-based element and particle flux estimates. For example, mass
flux uncertainties range from -2% to ~11%, with systematic increases
towards the oldest part™.

230Th,.-normalized mass fluxes and traditional MARs
Theaccuracy of ?°Th,-normalized mass fluxes depends on the assump-
tion that the ?°Th production in the overlying water columnis quanti-
tatively scavenged into the sediments. Systematic discrepancy from
thisbasic assumption canbe induced by grain size effects during sedi-
ment redistribution, CaCO, dissolution, hydrothermal and boundary
scavenging, and the resuspension of *°Thin benthic nepheloid layers™.
Thesedimentary »°Th systematics were shown to be fairly robust
against grainsize effects resulting from sediment redistribution at the
seafloor®, in particular in the deep seabelow ~1,500-m water depth®.
This implies that these effects are negligible at our remote core site
at a water depth of 4,981 m. The location of PS58/270 in the abyssal
South Pacific prohibits CaCO; deposition (see also the bulk sediment
description above and Extended Data Fig. 1) and thus CaCO;-related
post-depositional particle dissolution releasing scavenged 2*°Th back
to the water column. Away fromactive hydrothermal vents, hydrother-
mal scavenging can also be excluded from biasing calculated mass
fluxes at site PS58/270. Our core site is located outside the region
considered likely for boundary scavenging®, but the overall relatively
high particle fluxes at these latitudes may result in a surplus of 2°Th
in PS58/270-5 sediments, implying that mass fluxes may be biased
low*. However, previous work shows no indication for systematic
bias in 2*°Th,,-normalized fluxes at Antarctic Circumpolar Current
(ACC) latitudesin the Southeast Pacific*'**!, The influence of benthic
nepheloid layers on preserved sedimentary 2°Th,is poorly character-
ized®. Yet, the extremely low bottom-layer particle concentrations
in the study area® suggest that their influence on °Th systematics
is low at site PS58/270. Moreover, any bias resulting from the pro-
cesses above is expected to be reflected in a systematic offset of the
20Th,-derived age model from the tie point-derived chronology (see
also the description of core chronology already given). As this is not
the case (Extended Data Fig. 4b), we consider our 2°Th,-normalized
mass fluxes to be robust within the general estimated uncertainty of
~30% resulting from incomplete characterization of the influence of

oceanographic conditions on 2°Th fluxes to the sediments®*, Accord-
ingly, our lithic baseline fluxes of 0.1 g cmka are similar to previous
results for the Holocene high-latitude South Pacific'®*, further corrob-
orating the robustness of the >*°Th-normalized flux reconstructions.

Comparing our 2°Th,-normalized mass fluxes with traditional
MARs (calculated based on dry bulk densities and linear sedimenta-
tionrates) highlights the difference between the two approaches. This
difference reflects variations in sediment redistribution (expressed
as focusing factor ¥in Extended Data Fig. 5) resulting from tempo-
ral changes in lateral erosion and the accumulation of sediments at
site PS58/270 (Extended Data Fig. 5). It is noted that the high focus-
ing factor around ~250 ka BP may result in an underestimation of
20Th,,-normalized fluxes® during early MIS7 (Extended Data Figs. 2e
and 5). Importantly, an overall uncertainty of ~30% on the deep-sea
20Th flux®® appears small compared to the bias in traditional MARs at
site PS58/270 (Extended Data Fig. 5).

Major and trace element analysis of bulk sediments

Major and trace element compositions of the bulk sediments were
measured on a total of 144 (including five full replicates) discrete
sample aliquots of -5% separated from the samples digested for U-Th
analysis. Samples were diluted by afactor of -2,000 for analysis of Al,
Ca, Mg, K, Fe, Ti, Ba, Srand Y in 2% HNO, matrix using an Agilent 720
ICP-OES at LDEO. The element concentrations and internal 1 RSD (%)
were calculated based on multiple wavelengths where available (Al,
Fe,Ca, Mg, Ti, Sr, Y and Ba). Every wavelength was analysed five times
during ameasurement (five ‘cycles’). Where only a single wavelength
was available (K, Na), the internal uncertainty represents the 1 RSD
of thefive cycles. External reproducibility was monitored by full pro-
cedural replicates of the VIMS reference material®, yielding a1RSD
better than 3.3% for all elements® (n = 8). All samples were routinely
corrected for analytical blanks, which contributed <1% for all elements
included here. Full procedural blank levels were similar to the analyti-
cal blanks, so no additional blank correction was applied. Due to the
high Na content in PS58/270-5 (dominated by pore-water Na: high
porosity, relatively low lithogenic Na), the measured Na concentra-
tions exceeded the calibration standards of the ICP-OES instrument
and are therefore excluded.

High-resolution elemental analysis of K, Sr, Ti, Fe, Ca and Ba was
performed at 1-cm downcore resolution® using an AVAATECH profiling
X-ray fluorescence (XRF) core scanner at the Alfred Wegener Institute
Bremerhaven following previously published procedures”®, Outliers
were removed manually and the reproducibility of the XRF core scanner
datawas monitored routinely at the Alfred Wegner Institute using trip-
licate analysis of four reference materials of different composition dur-
ingeach analytical session. During the analytical session of PS58/270-5,
signalintensities of the reference materials typically varied within 4%
(calculated, per element, as [signal maximum - signal minimum]/
signal average x 100; average variation of 1.7%), except for Ba (+13%).
We converted the high-resolutionintensities for K, Sr, Ti, Fe, Caand Ba
measured with the XRF core scanner into quantitative concentrations
using linear regressions® (Extended Data Fig. 6).

Therelative weight of all sediment components was corrected for
pore-water salt™, and the reported fluxes for PS58/270-5 were normal-
ized to ?°Th,, following the procedures already described.

Tracers of export production

We used non-lithogenic barium (Ba excess: Ba,; = Ba, ~ Bajimogenics
Where Balithogenic = [Ba/TiUCC x Tisample + Ba/ZSZThUCC X ZBZThsample]/z)r Opal
and carbon fluxes as indicators of export production in the Pacific
Southern Ocean®**. The positive correlation between these independ-
ent proxies (r=0.75 for opal and Ba,, fluxes, r= 0.87 for opal and car-
bon fluxes, r=0.63 for Ba,; and carbon fluxes, all P< 0.0001, n =139)
(Extended Data Fig. 7h,i) attests that they track changes in export
production (and thus carbon export) at site PS58/270.
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Elemental tracers of provenance and weathering

Due to the absence of calcium carbonate in PS58/270-5 (Methods
section ‘Sample locations and bulk sediment composition’ and
Extended Data Fig. 1), the concentrations of the alkali and alkaline
earth elements K, Ca, Mg and Sr are controlled by changes in lithic
input (Extended Data Fig. 7a,b,d,f). These elements are more sus-
ceptible to partial dissolution during chemical weathering of sili-
cate minerals**®>°°, so their correlation with the rather insoluble
(refractory) elements (Al, Ti and *Th) is overall lower, except for K
(Extended Data Fig. 7a,b,d,f). Accordingly, the relative abundance
of refractory to more mobile elements provides information on the
mineralogy/chemical maturity of the lithogenic particle inputin core
PS58/270-5. In other words, highly weathered material is depleted in
more soluble elementsrelative torefractory elements and is expected
to have an overall lower partial solubility. This can be expressed as
elemental ratios such as Ti/Ca, or indices such as the CIA, calculated
as CIA = AL,0,/(Al,0, + CaO* + Na,0* + K,0) x 100, using molar propor-
tions** (CaO* and Na,O* refer to the CaO and Na,O of the lithogenic
fraction). Due to the high content of pore-water Na in our samples,
Na,O*was derived from CaO*in PS58/270-5 and an upper continental
crust Na/Ca of 0.963 (ref. 72).

Statistical analysis

Thestatistical analyses reported in the main text and in Extended Data
Figs. 6-8 are based on Pearson’s correlation coefficient and two-sided
Pvalues using n =139 samples and n — 2 degrees of freedom, if not
stated otherwise.

Data availability
Alldatapresentedinthis paperareincludedin this published Articleand
inthe PANGAEA database at https://doi.org/10.1594/PANGAEA.982690.
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regressions, Pearson’s r and two-tailed p-values calculated for n =139 samples.
Grey shadings indicate 95% confidence intervals. Non-linear regressions

yield slightly better regression coefficients for (c) - (e). Error barsindicate
propagated errors. See Methods for more details.

excess (Ba,,) flux vs. opal flux. (i) Total carbon (C,) vs. opal fluxes. Note that
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Extended Data Fig. 9| See next page for caption.
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Extended DataFig. 9 | Sediment composition of core PS58/270-5in calculated using molar proportions as CIA = Al,0,/[Al,O; + CaO* + Na,0* + K,0]
comparison with Southern Ocean lithogenicinput tracers. (a) Fraction of x100* (see Methods for more details) superimposed on the Ti to calcium (Ca)
South American dust delivered to site PS75/056 in the subantarctic South Pacific. ratio. (f) Opal content from leaching compared with the natural logarithm (LN)
(b) Kaolinite content in the clay fraction of site PS58/254 as an indicator of old of silicon (Si) to Ti ratios from XRF scanning of core PS58/270-5. (g) Comparison
weathered sedimentinputin the Amundsen Sea* (Fig. 1). (c) Ratio of titanium (Ti)  of dust-Fe fluxes for subantarctic core PS75/056-1'°, South Pacific Antarctic Zone
and aluminum (Al) and (d) iron (Fe) and Ti in bulk sediments of core PS58/270- core PS58/270-5and ODP Site 1090 in the subantarctic South Atlantic’.

5. (e) Chemical Index of Alteration (CIA) in bulk sediments of core PS58/270-5
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Extended Data Fig. 10 | Ternary diagrams of major element composition
for PS58/270-5. (a) A-CN-K diagram (A = Al,0,, CN = CaO* + Na,0*, K =K,0)
and Chemical Index of Alteration (CIA) after ref. 44. Upper Continental Crust
(UCC), Post-Archaean Australian Shale (PAAS), Basalts, Andesites’>°%"', Pine
Island Bay sediments®® and selected rock mineral compositions’ representing

possible endmembers for PS58/270-5 samples (yellow dots). (b) A-CNK-FM
diagram (A = Al,0;, CNK = CaO* + Na,0* + K,0, FM =FeO + MgO). Symbols as in
(a) (see Methods for further details). All data in panels (a) and (b) are presented
in molar proportions®. Grey areas indicate Fe-rich rock and rock mineral
compositions with low CIA.
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