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Abstract Early Pleistocene Marine Isotope Stage (MIS)-31 (1.081-1.062 Ma) is a unique interval of
extreme global warming, including evidence of a West Antarctic Ice Sheet (WAIS) collapse. Here we present

a new 1,000-year resolution, spanning 1.110-1.030 Ma, diatom-based reconstruction of primary productivity,
relative sea surface temperature changes, sea-ice proximity/open ocean conditions and diatom species absolute
abundances during MIS-31, from the Scotia Sea (59°S) using deep-sea sediments collected during International
Ocean Discovery Program (IODP) Expedition 382. The lower Jaramillo magnetic reversal (base of Clr.1n,
1.071 Ma) provides a robust and independent time-stratigraphic marker to correlate records from other drill
cores in the Antarctic Zone of the Southern Ocean (AZSO). An increase in open ocean species Fragilariopsis
kerguelensis in early MIS-31 at 53°S (Ocean Drilling Program Site 1,094) correlates with increased obliquity
forcing, whereas at 59°S (IODP Site U1537; this study) three progressively increasing, successive peaks in the
relative abundance of F. kerguelensis correlate with Southern Hemisphere-phased precession pacing. These
observations reveal a complex pattern of ocean temperature change and sustained sea surface temperature
increase lasting longer than a precession cycle within the Atlantic sector of the AZSO. Timing of an inferred
WALIS collapse is consistent with delayed warmth (possibly driven by sea-ice dynamics) in the southern AZSO,
supporting models that indicate WAIS sensitivity to local sub-ice shelf melting. Anthropogenically enhanced
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impingement of relatively warm water beneath the ice shelves today highlights the importance of understanding
dynamic responses of the WAIS during MIS-31, a warmer than Holocene interglacial.

Plain Language Summary Sea level rise and other impacts resulting from loss of ice from the
Antarctic Ice Sheet due to climate change are a significant societal concern. Studying past periods of ice loss
can help to predict future ice loss and understand the types of conditions that result in massive ice loss. Marine
Isotope Stage 31, a past period of significant Antarctic ice loss, is studied using diatoms, fossil algae. Evidence
of sea surface warming leading to Antarctic ice loss is identified. These data also reveal a more complex timing
of warming than has been previously recognized across the Southern Ocean. Warmth affects the northern

parts thousands of years before more southerly regions. Additionally, northern parts of the Southern Ocean are
seen to be controlled by different orbitally driven climate factors than southern parts. The study highlights the
importance of warm Southern Ocean water on future ice mass loss.

1. Introduction

The response of the Antarctic Zone of the Southern Ocean (AZSO; south of the Polar Front), and the Antarctic
Ice Sheets (AIS) to rapid warming is of increasing scientific concern in light of anthropogenic-driven global
warming (Gilbert & Kittel, 2021). One key effort has been identifying and analyzing geologically recent warm
periods as potential partial analogs for ongoing, anthropogenically enhanced changes. In particular, records from
periods of significant East (EAIS) and West Antarctic Ice Sheet (WAIS) mass loss are sought to understand the
sequence of events involved in ice sheet collapse, the consequences for the world's oceans to Antarctic ice mass
loss and to reconstruct rates of sea surface temperature change and sea-level rise. Two hypotheses have been
put forward to explain AIS mass loss during the Pliocene and early Pleistocene. Huybers (2006) suggested that
the obliquity-paced (~40 kyr) summer melt period had the primary control on ice mass loss, resulting in the
obliquity-controlled benthic 8'30 isotope record. In contrast, Raymo et al. (2006) suggested that local preces-
sion forcing (paced at ~20 kyr) holds significant influence over AIS mass balance, and that the apparent domi-
nance of obliquity in the global benthic §'80 isotope record is a result of the northern and southern hemisphere
precession-driven component of ice volume signals being out of phase, and thus largely canceling each other in
the globally mixed 8'30 records. Many authors have invoked warm water upwelling at the marine-based ground-
ing line of the WAIS as a mechanism for ice volume loss (Morlighem et al., 2020; Nakayama et al., 2014; Raymo
et al., 2006; Rignot et al., 2013; Seroussi et al., 2017; Weber et al., 2014), highlighting the importance of studying
past WAIS behavior and WAIS/CDW (circumpolar deep water) interaction.

Marine Isotope Stage (MIS-) 31, 1.081 to 1.062 Ma (Lisiecki & Raymo, 2005), has received much attention
as a “super interglacial” (Melles et al., 2012) and a period of possible WAIS collapse and EAIS ice volume
reduction (DeConto et al., 2012; Scherer et al., 2008). Furthermore, MIS-31 is geologically “recent” and hence a
good analog warm period to today due to its similarity in tectonic and oceanographic configuration (Maldonado
et al., 2014). Although other Pleistocene interglacials, notably MIS-11, also have been considered “super inter-
glacials,” MIS-31 is an anomalously warm interglacial of the pre-100 kyr cycle, with biomarker-based summer
sea surface temperature estimates of 5 + 1.2°C warmer than modern (Beltran et al., 2019). Furthermore, while the
precessional component is different, MIS-31 has an insolation and eccentricity configuration somewhat similar
to today. MIS-31 also has similar insolation orbital configuration to other more recent interglacials, MIS-11 and
MIS-5, with the difference that the former shows higher obliquity and eccentricity coinciding with a precession
minimum. This configuration led to some of the highest high latitude summer insolation levels of the Pleisto-
cene (Laskar et al., 2004). Despite relatively high atmospheric CO, concentrations during MIS-31 (Honisch
et al., 2009), the AIS had greater mass during MIS-31, than MIS-11 (Elderfield et al., 2012). Even with differ-
ences from modern, and other warm “super interglacials,” MIS-31 provides an instructive case-study to learn
about climate sensitivity of the EAIS and WAIS.

Most importantly, peak northern hemisphere insolation of MIS-31 precisely coincides with the lower Jaramillo
normal polarity subchron transition (Channell et al., 2008; Horng et al., 2002; Scherer et al., 2008; Shackleton
et al., 1990), making it possible to unambiguously identify and correlate MIS-31 events in sediment cores with
reliable paleomagnetic records (Reilly et al., 2021), even if they lack benthic §'%0 data. It is this lack of oxygen
isotope-based, orbitally tuned chronologies that remains a significant challenge to studying past climate records,
especially in the SO. Utilizing the lower Jaramillo paleomagnetic reversal, the precision chronostratigraphy used
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in this study thus allows reliable analysis of lead/lag relationships of oceanographic events across the SO as well
as globally.

Multiple records of SO warming during MIS-31 have been published. Scherer et al. (2008) used diatom and
coccolithophore fossils recovered from a distal, more open AZSO site (Ocean Drilling Program (ODP) Site
1,094) and a proximal, sea-ice influenced, Antarctic continental shelf site (Cape Roberts Project Site CRP-1)
to identify a circum-Antarctic period of greatly reduced sea-ice extent and likely ice shelf loss during MIS-31.
They found precession pacing of warmth and suggested that marine-based sectors of the AIS may be more
susceptible to warming and high insolation than had been widely recognized. Maiorano et al. (2009) presented
calcareous nannofossil evidence of warming greater than that seen during other interglacials over MIS-31 at ODP
Site 1,090. The position of the polar front was north of Site 1,090 during MIS-31, further indicating warmth
(Cartagena-Sierra et al., 2021). EAIS retreat, at least in the vicinity of Prydz Bay (ODP Site 1,165), is supported
by nannofossil evidence (Villa et al., 2008), however, continued iceberg-rafting indicates that the EAIS and its
marine-terminating glaciers remained capable of shedding icebergs through MIS-31 (Teitler et al., 2015). The
ANtarctic DRILLing project (ANDRILL) drillcore AND-1B, recovered MIS-31 sediments from beneath the
McMurdo Ice Shelf of the Ross Sea, which revealed open water conditions from MIS-31 to MIS-27 (McKay
et al., 2012), and suggested a complete collapse of the McMurdo Ice Shelf over both warm and cold MIS
stages (Naish et al., 2009; Scherer et al., 2007; Villa et al., 2012). An ice sheet-shelf model, as well as global
climate model simulations, support a loss of ice shelves and a large ice sheet response, with significant loss
of the marine-based WAIS and some retreat of the EAIS ice during MIS-31 (Beltran et al., 2019; DeConto
et al., 2012). Consistency between model simulations and observations indicating the absence of the Ross Ice
Shelf, as well as Pleistocene age diatoms consistent with (though not limited to) MIS-31 recovered from beneath
the WAIS (Scherer et al., 1998) provide compelling evidence that the WAIS collapsed during MIS-31 (DeConto
et al., 2012). More recent modeling efforts, combined with biomarker analysis, suggest direct insolation forcing
led to a shorter sea-ice season, poleward intensification of the westerlies, and warm CDW intrusion to the conti-
nental shelf during MIS-31 (Beltran et al., 2019). This led to an estimated 5°C warming of the sea surface in the
AZSO relative to modern in the AZSO, a temperature not considered consistent with a marine-grounded WAIS
(Beltran et al., 2019). Here we utilize sediments from IODP Site U1537 to evaluate diatom-derived sea surface
temperature change during MIS-31 in order to understand the potential timing, magnitude, and duration of WAIS
mass loss.

1.1. Regional Setting

The sediments analyzed in this study were recovered during IODP Expedition 382, “Iceberg Alley and Subant-
arctic Ice and Ocean Dynamics,” which recovered Scotia Sea sediments at sites U1536, U1537 (Dove Basin)
and U1538 (Pirie Basin) (Figure 1). IODP Site U1537 is located in the Dove Basin of the Scotia Sea, 59°6.65'S,
40°54.37"W in a water depth of 3,713 m (Weber et al., 2021). Icebergs shed from around Antarctica pass through
the Dove Basin, giving this area the name “Iceberg Alley” (Anderson & Andrews, 1999). Icebergs melt when they
interact with warm water of the Antarctic Circumpolar Current, releasing terrigenous sediment to the seafloor
and providing nutrients in the upper water column (Budge & Long, 2018). Site U1537 is located on a contourite
deposit under the influence of AABW, with sediments consisting of diatom ooze and diatom-bearing silty clay
(Pérez et al., 2021; Weber et al., 2021). High sedimentation rates up to 100 cm/kyr make this area ideal for recov-
ering high resolution records of Antarctic and Southern Ocean change (Weber et al., 2012). Samples were taken
from Holes A and D of Site U1537 following its primary splice (stratigraphic composite section depths from
different holes to create as continuous as possible record).

2. Materials and Methods
2.1. Diatom Methods

Diatom slide preparation followed the method of Warnock and Scherer (2014). This method allows for the gener-
ation of species relative abundance data (%) as well as absolute diatom abundance (ADA) in valves per gram
dry weight of sediment (v/gdw). In addition, diatom species' absolute abundances, as valves per gram dry weight
of sediment, were calculated for U1537. An Olympus BX 53 microscope with oil immersion and Nomarski
differential interference contrast operating at 1,000x magnification was used for all diatom counts. Each slide
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Figure 1. Site locations, including International Ocean Discovery Program Expedition 382 Site U1537, Ocean Discovery
Program Leg 177 Site 1,094, ANtarctic DRILLing Site AND-1B (yellow), along with Cape Roberts Project-1 and select other
circum Antarctic records (green) that contain Marine Isotope Stage-31 sediments. Purple shading indicates the proportion
sea-ice coverage during the year, based on data from 2002 to 2011 (Spreen et al., 2008). Colored lines indicate the position of
the southern boundary of the Antarctic Circumpolar Current (white) and Polar Front (green) (Orsi et al., 1995). Map created
with Quantarctica (Matsuoka et al., 2021), using ETOPO1, IBSCO, and RAMP2 data (Amante & Eakins, 2009; Arndt

et al., 2013; Liu et al., 2015). AP = Antarctic Peninsula; WAIS = West Antarctic Ice Sheet; EAIS = East Antarctic Ice Sheet.

was counted until 300 non-Chaetoceros resting spore (CRS) diatom valves had been identified, or a maximum of
three complete transects were analyzed across a 40 mm wide coverslip. CRS were excluded from the 300 diatom
valve tally because they can dominate diatom assemblages, thereby considerably biasing count data toward CRS
at the expense of including rarer, but environmentally predictive, diatoms in the analysis. However, CRS were
added to the total diatom count upon completing the counts for each slide, such that they were included in the
overall relative species abundance and ADA calculations.

Taxonomic authorities are provided in Table S1 in Supporting Information S1. Individual diatom species were
assigned to ecological affiliations (sea-ice, open ocean, and subtropical) based on Armand et al. (2005), Crosta
et al. (2005), and Romero et al. (2005), which were also used by Scherer et al. (2008). The extinct species Thal-
assiosira elliptipora was considered part of the open ocean group, following Scherer et al. (2008). In addition,
Eucampia antarctica was associated with the sea-ice group to make a direct comparison to Scherer et al. (2008)
who considered it a sea ice affiliated species. Species ecological associations are provided in Table S2. Diatoms
were analyzed at a ~1,000-year resolution, with 71 unique intervals analyzed through the section.

2.2. Age Model

The age model for Site U1537 through the analyzed time interval (Reilly et al., 2021) is constrained by the posi-
tions of three magnetic reversals, the boundaries of the Jaramillo Subchron (Clr.1n; 990-1,071 ka, in MIS-27
and -31) and the top of the Cobb Mountain Subchron (top Clr.2n; 1,187 ka, in MIS-35; Channell et al., 2008).
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Figure 2. Principle components analysis performed using relative abundance data of any species with an abundance of at least 3% in a single sample. The analysis was
performed using the software package PAST (Hammer et al., 2001). Spp. = species. The axes represent Principle component analysis scores.

Age-depth uncertainties between these tie points are estimated using Undatable MATLAB tools and an xfactor
of 0.1 (Lougheed & Obrochta, 2019). No additional tie points were used in the age model; hence, uncertainty in
age increases with distance in the depth-domain from the reversals. The lower Jaramillo magnetic reversal at site
1,094 is associated with the minimum in benthic 8'30 stratigraphies recording MIS-31 (Channell et al., 2008;
Horng et al., 2002; Shackleton et al., 1990). In Expedition 382 records (Site U1537 and nearby Site U1536)
the base of the reversal occurs in the same position relative to lithologic changes between diatom ooze and
diatom-bearing silty clays, with no evidence of stratigraphic discontinuities, giving further confidence in identi-
fication of a complete MIS-31 (see Figure S4 in Reilly et al., 2021). A potentially higher precision age model for
this time interval has been presented for Site U1537 using the assumption that magnetic susceptibility variations
as well as x-ray fluorescence counts of Ca and Fe are synchronous with glacial-interglacial variability defined
by the LR04 benthic isotope stack (Weber et al., 2022). This new age model by Weber et al. (2022) falls within
the larger uncertainty structure of the Reilly et al. (2021) magnetostratigraphic age model. For this study we plot
our data on the median age of the magnetostratigraphic age model, as the two age models are largely similar in
this time interval and this decision requires fewer assumptions about the phasing of climate signals in the Early
Pleistocene. However, we acknowledge that, while accurate, this age model has lower overall precision and,
accordingly, we plot age uncertainty estimates in our summary figure (Figure 4).

2.3. Statistics

Principle component analysis (PCA) was used to identify relationships among diatom species. Furthermore, PCA
was used to reduce the dimension of the biological data set, and to detect underlying factors driving the species'
distributions in the ordination space. PCA was performed using the software package PAST v. 3.10 (Hammer
et al., 2001). Initially, PCA was run using data from all observed species. However, many of these species make
up an insignificant part of the record, and when plotted created a dense cluster of overlapping taxa that was
impossible to resolve in graphical form. Therefore, PCA was run using the relative abundances of all species
that constituted at least 3% of the assemblage in at least one sample. The following species met this criterion and
were used in the PCA: Actinocyclus actinochilus, Actinocyclus ingens, CRS, E. antarctica, Fragilariopsis curta,
Fragilariopsis cylindrus, Fragilariopsis kerguelensis, Fragilariopsis ritscheri, Fragilariopsis separanda, Fragi-
lariopsis sublinearis, Odontella spp., Rhizosolenia polydactyla, Stellarima microtrias, Thalassiosira decipiens,
Thalassiosira elliptopora, Thalassiosira lentiginosa, Thalassiosira oliverana, Thalassiosira scotia and Thalassi-
othrix spp. (Figure 2).
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Figure 3. All diatom species data. All diatom species relative abundances (%) are plotted against depth and time. In addition, absolute diatom abundance is plotted
as valves per gram dry weight of sediment. A. = Actinocyclus, Ast. = Asteromphalus, Az. = Azpeitia, Ch = Chaetoceros, F. = Fragilariopsis, R. = Rhizosolenia,
Rx. = Rouxia, S. = Shionodiscus, T. = Thalassiosira.

3. Results

Diatoms occur in all 71 analyzed samples from Site U1537 in the Scotia Sea (Figure 3). ADA values range from
1.27 x 108 to 2.53 x 107 v/gdw (valves per gram dry weight). Th. lentiginosa, CRS, A. ingens, E. antarctica, F.
kerguelensis, Th. elliptipora and are the dominant taxa in the studied interval (Table S2). CRSs are episodically
abundant, with relative abundance ranging from 0% to 52.3% of the assemblage. It is worth noting, however, that
during intervals of high abundance CRS contribute nearly as much as Th. lentiginosa.

The relative abundance of CRS (%CRS) displays three distinct peaks, which are visually consistent with
NH-precession-paced variation (Figure 4g; orbital data sourced from Laskar et al., 2004). Peak 2 (centered at
~1.070 Ma) is the broadest and highest of the CRS relative abundance peaks and spans ~10,000 years. It coin-
cides with the lower Jaramillo paleomagnetic reversal, which corresponds to the interval when and just after
benthic §'30 values are at their lowest during MIS-31 (Figures 4a and 4c). Furthermore, northern hemisphere
insolation peaks at this point (Figure 4h). ADA follows a similar “3 peak” pattern and has similar variabil-
ity to wet-bulk density (Figures 3, 4a, 4b). In each case, the highest ADA values occur slightly after a maxi-
mum in %CRS is reached. Relative abundance of F. kerguelensis, the most common open ocean diatom in the
modern Southern Ocean, follows the three-peak trend of ADA and also lags the relative abundance peaks of CRS
(Figure 4g). Open ocean affiliated Th. elliptipora abundance is similar to that of F. kerguelensis; however, the
amplitude of the peaks is lower (Figure 3). In contrast, open ocean affiliated Th. lentiginosa, which represents
8%—54% of the assemblage, consistently peaks before the ADA and F. kerguelensis peaks (Figure 3). Sea-ice
related species (e.g., E. antarctica and F. curta; Figures 4e and 4f) and relatively warm open ocean species (e.g.,
F. kerguelensis and Th. lentiginosa) abundances are negatively correlated. The relative abundance of CRS is
generally seen to increase at the transitions between sea-ice dominated assemblages (Figure 4g) and open ocean
dominated assemblages (Figure 4d).

Diatom absolute abundance data (valves of each species per gram dry weight of sediment) present a some-
what different pattern compared to relative abundance data (%; Figure 5). CRS, F. kerguelensis and Th. lentig-
inosa represent the species with the highest absolute abundances (Figure 5). Absolute abundance data show a
much greater contrast between low diatom accumulation glacials and high accumulation interglacials. MIS 32
is characterized by low abundance, with one peak of CRS, F. kerguelensis and Th. lentiginosa occurring around
1.070 Ma. Th. lentiginosa increases its absolute abundance rate early in MIS-31, whereas absolute abundances of
CRS and F. kerguelensis peak in the latter half of MIS-31. Interestingly, Th. lentiginosa maintains its high abun-
dance into MIS-30, declining slowly until ~1.050 Ma, whereas absolute abundances of CRS and F. kerguelensis
both decline more quickly at the onset of MIS-31. CRS achieve a slight absolute abundance peak at ~1.052 Ma.
All three species reach their glacial low absolute abundance values at approximately 1.049 Ma. Absolute abun-
dance rates for these species remain low until very late MIS-30. The single data point available shows continued
increase in MIS-29.

The first PCA axis explains 68.7% of the variance in the data. On the far positive end of this axis we find Th.
lentiginosa. In decreasing order, CRS, A. ingens, E. antarctica, F. kerguelensis and Th. elliptipora have positive
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Figure 4. Comparison of U1537 (age model of Reilly et al., 2021), 1,094 (age model of Hasenfratz et al., 2019), and
AND-1B (Naish et al., 2009; presented on its depth scale), with the position of the lower Jaramillo paleomagnetic reversal
indicated by the vertical yellow dashed line (a) U1537 Density (low = more biogenic sediment; high = more lithogenic
sediment) compared with paleomagnetic inclination (Reilly et al., 2021) (b) U1537 5-point smoothed b* (proportional to
biogenic silica) compared with absolute diatom abundance (c) 1,094 Benthic §'%0 (blue; 25) and the LR04 stack (Lisiecki &
Raymo, 2005) compared with 1,094 paleomagnetic inclination (Krissek et al., 2007) (d—g) Comparison of key U1537 (this
study; solid lines) and 1,094 (Scherer et al., 2008; dashed lines) diatom species relative abundance (%): open ocean related
Fragilariopsis kerguelensis, sea-ice associated Eucampia antarctica and Fragilariopsis curta, and primary productivity
indicator Chaetocerous resting spores (h) Northern and Southern summer insolation and Earth's obliquity angle (Laskar
et al., 2004) (a) Stratigraphic column for the lower Jaramillo interval at ANtarctic DRILLing-1B (modified from Krissek
et al., 2007; Wilson et al., 2007; Villa et al., 2012).
loadings on PC1. The negative extreme on PC1 is F. cylindrus. The second PCA axis explains 20.6% of the vari-
ability in the data. The species with the most positive position on this axis is also Th. lentiginosa, followed by E.
antarctica, A. ingens, and Th. elliptipora. The taxon with the most negative value for PC2 is CRS. The majority
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Esper et al., 2010; Leventer & Dunbar, 1996). In addition, increases in ADA
Figure 5. Diatom absolute abundance rates of chosen species. Absolute correspond to warm intervals, implying warm productive water (Figure 3).
abundance rates (given as valves per gram dry weight of sediment) are given Chaetoceros blooms are associated with warm SO waters and abundant nutri-

for selected diatom species. CRS = Chaetoceros resting spores.

ents, therefore, relative abundance of CRS (Figure 4g) also indicate warm-
ing (Crosta et al., 1997). These data support a WAIS mass reduction during
MIS-31 as identified in other studies (McKay et al., 2012; Naish et al., 2009;
Scherer et al., 1998, 2008).

PCA results support this alternation of warm and cold water environments. The primary PCA axis is constrained
by warm-water, open ocean affiliated Th. lentiginosa (Crosta et al., 2005) on the positive side and the cold-water,
sea-ice affiliated F. cylindrus (Armand et al., 2005, 2008) on the negative side (Figure 2). In addition, sea-ice
affiliated species A. actinochilus, F. curta, F. ritscheri, and F. separanda cluster on the negative side of axis one
(Armand et al., 2005, 2008). Open ocean affiliated species F. kerguelensis (Crosta et al., 2005), A. ingens and Th.
elliptopora are also on the positive side of the axis. Therefore, PCA axis 1 is interpreted to represent a gradient
of temperature and associated sea-ice conditions. Interestingly, open ocean associated Th. oliverana is on the
negative side of the axis and sea ice affiliated E. antarctica is on the positive side of the axis. This may reflect a
preference for proximity to the sea ice edge. E antarctica has previously been associated with sea ice edge habi-
tats (Allen, 2014; Fryxell & Prasad, 1990). In addition, T. oliverana position is near S. microtrias on the PCA
ordination space. S. microtrias has also been associated with sea-ice edge (Hasle et al., 1988) and sea-ice edge
summer melt environments (Armand et al., 2008). Furthermore, Th. oliverana is known to achieve it's greatest
relative abundance from the winter sea ice edge to the Antarctic Polar Front (Crosta et al., 2005).

Various mechanisms for warming are possible in the Southern Ocean, however orbitally paced, insolation-driven
warming has been previously invoked (Scherer et al., 2008). Given that the duration of the examined interval,
1.030-1.110 Ma, is approximately the length of two obliquity cycles, robust spectral analysis to identify statis-
tically significant frequencies in the obliquity or precession ranges is not possible. However, visual examination
shows a plausible relationship between the relative abundance of F. kerguelensis, the most abundant diatom in
the open ocean areas of the AZSO today (Armand et al., 2008; Crosta et al., 2005; Zielinski & Gersonde, 1997)
and precession on the simple Site U1537 magnetostratigraphic age model (Figure 6). Specifically, F. kerguelensis
relative abundance appears to follow a ~20 kyr pacing with the phase consistent with the mean daily insolation
at 65°S for November 21st, that is, spring insolation, based on variation near the magnetic reversal at 1.071 Ma
where the age model is strongest. This spring warmth would melt back the sea-ice edge, creating viable habitat
for F. kerguelensis, thereby increasing its relative abundance. The increase in CRS abundance at the onset of
this warming further indicates the presence of melt water (Crosta et al., 1997). Fragilariopsis obliquecostata,
associated with summer sea-ice environments (Armand et al., 2005), was not present in any samples, implying
the summer sea-ice edge was south of the Site, highlighting the importance of spring melt during this interval.

WARNOCK ET AL.

8of 15

85U80 7 SUOLUWIOD @A 11D 8|eolidde 8Ly Aq peueob ae ssjoie YO ‘8sn JO'Se|nl oy Akeiqi8UIJUO A8]IA UO (SUORIPUOD-PUR-SLBY/LI0 A8 | 1M Afe.q 1 Bu1UO//StY) SUORIPUOD pue SWe 1 83 88S " [202/TT/ST] uo Akeiqiauliuo A8|iM ‘Aenins dnoeiuy Ushlig Ad #6Er00VdTZ02/620T OT/I0p/w0d A8 |1mAelq 1l juo'sgndnBe//:sdny wiouy pepeojumod ‘g ‘220z ‘Seskz.Se



~1
A\J 1

ADVANCING EARTH
AND SPACE SCIENCE

Paleoceanography and Paleoclimatology 10.1029/2021PA004394

Age (ka)
1030 1040 1050 1060 1070 1080 1090 1100 1110

w
Ul
T

Site 1094

~

LRO4

Benthic &0

b S0r q 245

W
1 J\I}IVJ \/I\ \L

1225

)

U1537 Age Uncertainty

F. kerguelensis
(o )®l8uy Aunbigo

500 >

F. kerguelensis
N
(9,
o
\\) uonejosu| Ajleq ue
L€ 'AON S 59

Figure 6. Orbital pacing of Fragilariopsis kerguelensis relative abundance through Marine Isotope Stage-31, compared
with (a) bethic §'0 and the lower Jaramillo reversal (yellow dashed line) (b) At Ocean Discovery Program (ODP) Site 1,094
(53°S) F. kerguelensis relative abundance varies with obliquity angle and the change in benthic §'80 whereas at (c) [ODP
Site U1537 (59°S) F. kerguelensis relative abundance is paced by precession, highlighting the difference in orbital forcing
between these different sectors of the Antarctic Zone of the Southern Ocean. ODP Site 1,094 diatom data are from Scherer
et al. (6), with benthic §'30 and age model from Hasenfratz et al. (2019). The LR04 stack is from Lisiecki and Raymo (2005)
and orbital solutions are from Laskar et al. (2004). Diatom data are given as percent relative abundance.

The relative abundance of F. kerguelensis increases with each successive insolation maxima across MIS-31
and into MIS-30 (Figure 4c), indicating progressively earlier sea-ice retreat at Site U1537 with each precession
cycle through MIS-31 that continued into MIS-30. This progressive sea-ice retreat would have brought relatively
warm water nearer to the ice shelves and, consequently, help destabilizing the WAIS (Beltran et al., 2019; Pedro
et al., 2016). The highest relative abundance of F. kerguelensis occurs after the lower Jaramillo paleomagnetic
reversal at ~1.042 + 0.008 Ma, indicating that the Scotia Sea may have remained warm during MIS-30.

Interestingly, open ocean affiliated Th. lentiginosa peaks consistently before F. kerguelensis. Furthermore, while
the pattern of timing of peaks between Th. lentiginosa and F. kerguelensis is consistent, the magnitude differences
are not. While each successive relative abundance peak of F. kerguelensis increases, Th. lentiginosa achieves a
maximum relative abundance around 1.077 Ma. Th. lentiginosa requires lower nutrient availability than other
open ocean affiliate species, notably F. kerguelensis (Armand et al., 2008). The most likely explanation of this
similar yet contrasting abundance pattern is variability in available nutrients. PCA results support this conclusion.
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Th. lentiginosa has the most positive value on PCA axis 2, where CRS, associated with high nutrient habitats,
often stratified ice melt environments, have the most negative value (Leventer et al., 1996, 2002). Therefore, this
axis is interpreted to represent variability in nutrients. Indeed, F. kerguelensis, which requires higher nutrient
conditions than Th. lentiginosa is on the negative side of PC2 along with CRS. This implies that waters above
U1537 warmed, resulting in an increase in Th. lentiginosa relative abundance increase, before nutrients became
available to support F. kerguelensis and Chaetoceros spp. during each successive warming event. This progres-
sion implies the surface warms first, followed by increased nutrients from sea-ice melt, helping to explain the
interglacially enhanced primary productivity seen here. While studies have shown an increase in iron (Fe mass
accumulation rate), a limiting nutrient in the SO, resulting from dust deposition at the onset of MIS-30 in the
subantarctic zone (Martinez-Garcia et al., 2009), no such indication of dust-induced iron fertilization is present
during late MIS-31 (Weber et al., 2022). Therefore, this nutrient source is likely from sea-ice melt.

4.2. Timing of Warming Across the Southern Ocean

At 53°S in Site 1,094, increases in open ocean related species and declines in sea-ice related species are also
seen across MIS-31 (Scherer et al., 2008). However, comparison of the two sites shows a distinct difference in
the timing of F. kerguelensis relative abundance increases and maxima (Figure 4d). The timing of the decline of
sea-ice related species and increase in CRS are also asynchronous between the two sites (Figures 4e—4g). Further-
more, when placed on an updated benthic §'80 chronology (Hasenfratz et al., 2019), visual examination shows
a very close relationship between the increase in F. kerguelensis relative abundance, increase in obliquity, and
the decrease in benthic §'30 that defines the start of MIS-31 (Figure 6b). On orbital timescales, changes in the
position and intensity of southern westerly wind (SWW) driven upwelling can be driven by global mean climate
change and/or Earth's obliquity angle, with warmer global temperatures and lower obliquity angles both driving
a poleward shift of the SWW and strengthening upwelling in the AZSO (Modes 1 and 3 of Ai et al., 2020). The
increase in warm open water indicators, along with the decrease in benthic §'30, suggests that oceanographic
conditions at Site 1,094 were responding to the poleward shift of the SWW that occurred along with the mean
global warming that occurred at the onset of MIS-31—different than our observations at Site U1537.

Although Site 1,094's chronology is well constrained through benthic §'%0 stratigraphy (Hasenfratz et al., 2019),
the uncertainty of Site U1537's chronology increases with distance from the 1.071 Ma lower Jaramillo magnetic
reversal, with estimated +1c ranges growing to ~20 ka at the 1.030 and 1.110 Ma limits of our study interval
(Reilly et al., 2021). Thus, our discussion of the pacing and phasing of these signals could change significantly
if sedimentation rates were variable at Site U1537 through this time. For example, while the phase relationship
between F. kerguelensis relative abundance and November 21st mean insolation at 65°S discussed earlier at
Site U1537 is set by the timing of the F. kerguelensis abundance increase at the lower Jaramillo reversal, this
relationship is only consistent with the preceding and following rises in insolation given age model uncertainty
and not necessarily the actual phase relationship (see age uncertainty estimates in Figure 6). Furthermore, open
ocean affiliated Th. lentiginosa shows the same relationship between abundance and insolation as F. kerguelensis.
Nevertheless, there are differences between the initial onset of warmth at Sites 1,094 and U1537 that are robust
to these kinds of age uncertainties due to their stratigraphic positions relative to the lower Jaramillo magnetic
reversal. The maximum relative abundance of F. kerguelensis, and hence peak warmth conditions seen at Site
1,094, occurs during the ~10 kyr before the lower Jaramillo paleomagnetic reversal (Channell & Stoner, 2002;
Scherer et al., 2008, Figure 6). At Site U1537 the maximum in F. kerguelensis relative abundance occurs after the
lower Jaramillo paleomagnetic reversal. Therefore, despite the known age model uncertainties, the indication of
peak warmth before (1,094, 53°S) and after (U1537, 59°S) the lower Jaramillo paleomagnetic reversal provides
unequivocal evidence for a difference in timing of maximum warmth in the AZSO during MIS-31. This also
indicates that the mechanisms that drive warmth in the southern regions of the AZSO are different than the more
open northern AZSO, whether those mechanisms are related to local insolation forcing as we propose here or
not. This is a significant finding for understanding WAIS mass loss and predicting future changes to the WAIS.

Analysis of sites further south provides additional evidence of time transgressive progression of peak warmth
conditions following latitude across the Southern Ocean. Two drill sites in Southwestern Ross Sea, both at
about 78°S, recovered a diatom-rich MIS-31; AND-1B (78°S; Naish et al., 2009) accumulated diatomite and
diatom-rich volcaniclastic muds in relatively deep water, and CRP-1 (Bohaty et al., 1998) recovered diatom-rich
sediments with abundant biogenic carbonate from a shallower bank. Both sites indicate ice shelf and ice sheet
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retreat and the prevalence of open marine conditions from MIS-31 to MIS-27 (McKay et al., 2012; Naish
et al., 2009; Scherer et al., 2007). Variable sedimentation rates in these more complicated, WAIS-proximal sedi-
ments prevent age model construction by linear interpolation between magnetic reversals in AND-1B and CRP-1,
but there are no glacial overriding events, and open marine conditions associated with WAIS retreat from the Ross
Sea area persisted, at least episodically, until the end of the Jaramillo subchron (0.988 Ma) (McKay et al., 2012).
Marine diatoms emplaced within a volcaniclastic unit in AND-1B provide strong evidence for an absent or
reduced Ross Ice Shelf prior to the lower Jaramillo paleomagnetic reversal (McKay et al., 2012). However, cocco-
lithophore absolute abundance and species' relative abundance data (Villa et al., 2012), iceberg-rafted debris
deposition (Teitler et al., 2015) and sedimentological indicators (McKay et al., 2012) from AND-1B indicate that
peak warmth in the Ross Sea occurred after the lower Jaramillo paleomagnetic reversal, as seen at Site U1537
(Figure 4i). Peak warmth conditions are seen before the reversal at ODP Site 1,094 and after the reversal at
U1537 and AND-1B, demonstrating that maximum warmth did not occur synchronously across the SO during
MIS 31. Peak warm conditions are seen stratigraphically closer to the upper Jaramillo paleomagnetic reversal
than the lower in the AND-1B drill site, whereas maximum warmth conditions are seen stratigraphically closer
to the lower Jaramillo at Site U1537. Despite chronostratigraphic uncertainties in AND-1B, it is possible by
using the globally synchronous time point of the lower Jaramillo magnetic reversal as comparison, therefore, that
peak warmth conditions at the AND-1B drill site followed those seen at Site U1537.

Interestingly, the productivity indicator, %CRS, displays variability consistent with precession pacing at both Site
1,094 and Site U1537 (Figure 4g), but with different phasing. At both sites, %CRS typically increases around
the transition from sea-ice dominated assemblages to open ocean assemblages, suggesting primary productiv-
ity at each site is strongest in sea-ice edge environment. This is consistent with the ecological preference of
Chaetoceros, which bloom in well-stratified, nutrient-rich waters (Leventer et al., 1996; Leventer et al., 2002).
At Site 1,094, CRS abundance correlates with SH summer insolation, whereas at Site U1537 CRS abundance
apparently correlates with NH summer insolation. At Site 1,094, the largest CRS abundance peak occurs during
the decrease in benthic 8'30 at the start of MIS-31, likely reflecting the intensification of SWW driven upwelling
in the AZSO. Direct insolation forcing, paced by Earth's precession changes, melts the sea-ice edge while pole-
ward shifts of the SWW provides warm, nutrient rich water in which CRS can bloom. Farther to the south in
the AZSO at Site U1537, the influence of the precession paced local insolation driven sea-ice changes appear
to be most dominant, while upwelling conditions may play a larger role at Site 1,094 in the more open northern
AZSO (Figure 4g). Additionally, this may suggest that the latitudinal zone of primary productivity in the AZSO
migrates between northerly and southerly locations in relation to expansion and contraction of the sea-ice edge
on precessional timescales.

4.3. Nutrient Availability, Primary Productivity and Diatom Species' Absolute Abundances

Diatom absolute abundance data from Site U1537 indicate a strong contrast between glacial and interglacial
conditions (Figure 5). With the exception of a brief increase in diatom absolute abundance during MIS-32, abso-
lute abundance values are notably lower during glacials than interglacials, implying greater primary productive
and diatom-bound carbon sequestration in marine sediments during MIS-31 than either MIS-32 or -30. This
is in contrast to the 1,094 record where Martinez-Garcia et al., 2009 found indications of increased rates of
carbon burial (measured as total organic carbon mass accumulation rate) during glacials rather than interglaci-
als, however, it supports results from Martinez-Garcia et al. (2011) and Jaccard et al. (2013) who found differ-
ent glacial/interglacial patterns of primary productivity in the northern versus southern SO. Martinez-Garcia
et al. (2009) investigated ODP Site 1,090, located at approximately 42°55’S, whereas IODP Site U1537 is located
at 59°S. This implies that primary productivity in the AZSO, south of the polar front, was decoupled from primary
productivity north of the subantarctic front at this time as has been seen elsewhere (Martinez-Garcia et al., 2011;
Jaccard et al., 2013; Weber et al., 2022). Sea-ice is the likely mechanism responsible for this decoupling. Site
1,090 would have been closer to the productive sea ice edge during a glacial than during an interglacial, when
the sea ice edge and associated nutrients would have been much farther south (Cartagena-Sierra et al., 2021).
Therefore, at this northern site favorable growth conditions for diatoms would have been present during glacials.
The contrast in absolute abundance data from low glacial accumulation rates to high interglacial accumulation
rates seen at more southerly Site U1537 implies the opposite. Site U1537 would have been covered by sea ice
during glacial periods, greatly limiting primary productivity by blocking sunlight, whereas during interglacials
favorable conditions would have existed over Site U1537. The brief peak in diatom absolute abundance identified

WARNOCK ET AL.

11 of 15

85U80 7 SUOLUWIOD @A 11D 8|eolidde 8Ly Aq peueob ae ssjoie YO ‘8sn JO'Se|nl oy Akeiqi8UIJUO A8]IA UO (SUORIPUOD-PUR-SLBY/LI0 A8 | 1M Afe.q 1 Bu1UO//StY) SUORIPUOD pue SWe 1 83 88S " [202/TT/ST] uo Akeiqiauliuo A8|iM ‘Aenins dnoeiuy Ushlig Ad #6Er00VdTZ02/620T OT/I0p/w0d A8 |1mAelq 1l juo'sgndnBe//:sdny wiouy pepeojumod ‘g ‘220z ‘Seskz.Se



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Paleoceanography and Paleoclimatology 10.1029/2021PA004394

during MIS-32, dominated by CRS, implies a period of brief warmth allowing for primary productivity over Site
U1537 around 1.093 Ma. This corresponds to a peak in magnetic susceptibility, that is, dust deposition, to the
Site as well as a brief period of higher sea level (Weber et al., 2022). Unlike the typical pattern where dust and
productivity are negatively correlated, this implies a brief warming event and corresponding dust deposition led
to a spike in diatom primary productivity and associated carbon transport to the sea floor. Like diatom species
relative abundance data described above, diatom species' absolute abundance data support a period of extended
warmth following MIS-31 into early MIS-30. Unlike early MIS-32, where diatom absolute abundance values
are near zero at the beginning of the glacial, absolute abundance values remain high into early MIS-30. While
F. kerguelensis and CRS decline in absolute abundance fairly quickly into MIS-30, Th. lentiginosa maintains a
higher absolute abundance longer. This implies that while warm conditions continued into early MIS-30 at Site
U1537, nutrient availability declined more quickly. A short-lived peak in CRS is observed at ~1.052 Ma, as Th.
lentiginosa absolute abundance values are declining, implying a pulse of nutrients to the site. This productivity
pulse could be associated with atmospheric dust deposition (Martinez-Garcia et al., 2009; Weber et al., 2022).

Finally, diatom species' absolute abundances can be used to understand carbon burial in marine sediments.
Although CRS are sometimes the most abundant diatom in a given sample, their very small size means their
contribution to diatom-bound carbon sequestration may be minimal. However, both F. kerguelensis and Th.
lentiginosa, the most abundant diatoms found throughout the analyzed interval excepting CRS, are considered to
be heavy silica sinking species that bury carbon in marine sediments (Assmy et al., 2013). Furthermore, while
F. kerguelensis is the most common open ocean diatom in the Southern Ocean (Armand et al., 2008; Crosta
et al., 2005), Th. lentiginosa contributes more to carbon sequestration due to its larger size (Armand et al., 2008;
Shukla et al., 2016). It is likely, therefore, that carbon burial at Site U1537 was high throughout MIS-31 where
Th. lentiginosa absolute abundance is high. The rate of carbon burial would have increased late in MIS-31 as the
absolute abundance of F. kerguelensis increased and remained somewhat high through the first half of MIS-30.
This is further indicated by the very high CRS abundance during later MIS-31 (Abelmann et al., 2006). As
above, this is in contrast to Martinez-Garcia et al. (2009) who found carbon burial to be higher during glacials
than interglacials. However, this pattern of contrast in carbon burial between the Antarctic Zone (higher carbon
deposition during interglacials) and Subantarctic Zone (higher carbon deposition during glacials) has been iden-
tified over the last glacial cycle (Jaccard et al., 2013). Kohfeld et al. (2005) also found primary productivity to
be higher during the Holocene and MIS-5a-d than the LGM south of the polar front, but the opposite north of
the polar front. Further support comes from Weber et al. (2022), who observed this same relationship, higher
primary productivity and carbon burial during interglacials relative to glacials south of the polar front, to be
consistent over the last 1.5 Ma. Our data corroborate these studies showing a N-S difference relative to the polar
front in ideal conditions for carbon burial, that is, variations in iron availability and the light-limiting effect of
sea-ice cover north and south of the polar front, existed in the SO during MIS-32 to -30. This further highlights
the importance of creating multiple reconstructions of carbon deposition rates across the polar front for any given
time period to accurately understand the SO's role in the global carbon cycle.

5. Conclusions

Comparison of the diatom records of ODP Site 1,094 and IODP Site U1537 reveals a more complex evolu-
tion of warmth across the AZSO during MIS-31 than has been previously postulated. While more quantitative
analysis is limited by age model uncertainty, we find that during MIS-31 warming follows obliquity and the
decrease in benthic §'%0 in the northern sector of the AZSO, while warming is delayed and potentially paced by
local insolation, that is, precession, in the southern sector. This evidence for local SH-precessional forcing means
that paleoceanographic changes recorded at Site U1537 differ in timing and cyclicity from the global average
8'30 ice volume signal, and may provide supporting evidence for the antiphase hypothesis (Raymo et al., 2006).
Taken together with findings from AND-1B and CRP-1 (McKay et al., 2012; Scherer et al., 2007, 2008; Villa
et al., 2012), these data from Site U1537 imply that warming in the southern region of the AZSO was driven by
local radiative forced sea-ice loss late in MIS-31. This is contrasted with the change in zonal wind strength and
associated warm water upwelling that drove the previously described warming in the northern AZSO in early
MIS-31. Thus, the locally driven precession paced insolation forcing may have been the major driver for ice shelf
retreat and subsequent ice sheet collapse in Antarctica. The lack of an obvious decrease in global 8'30 record
could be explained by coeval growth of NH icesheets (e.g., the anti-phase hypothesis, Raymo et al., 2006).
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This interpretation is consistent with modeling results that indicate the importance of local oceanographic forcing
for ice retreat during this interval (DeConto et al., 2012). Although previous studies have revealed differences in
orbital response in the Subantarctic and Antarctic zones of the Southern Ocean (Jaccard et al., 2013), the results
presented here reveal different responses to orbital forcing within the AZSO itself. While there is still uncertainty
in the precise pacing of F. kerguelensis relative abundance at Site U1537, the timing and duration of these warm
ocean indicators are distinctly different between the two sites, providing unequivocal evidence of a latitudinal
difference in the mechanisms of sea surface warming. This is the first evidence of different mechanisms of
warmth acting in the Northern versus Southern Zones of the AZSO, a significant finding for understanding and
predicting the behavior of the Antarctic Ice Sheets.

Peak warm conditions are seen prior to the lower Jaramillo paleomagnetic reversal in the northern regions of the
Southern Ocean (Site 1,094), but subsequent to this time marker further to the south (Site U1537 and AND-1B).
The lower Jaramillo paleomagnetic reversal allows for a robust relative chronology demonstrating this difference,
despite the lack of linear sedimentation rate and high-resolution age model at AND-1B. This is a significant result
for building accurate models of warming in the SO. Although the drivers of anthropogenic warming are related
to greenhouse gas emissions, and thus notably different from the orbitally forced climate change that occurred
during MIS-31, that is, anthropogenic greenhouse gas emissions compared to orbital forcing, these results high-
light the importance of southward migration of warming water masses in the Southern Ocean for destabilizing
the modern WAIS.

Lastly, comparison of diatom species' absolute abundances provides support for an extended warm period during
early MIS-30 at Site U1537. Diatom absolute abundance data also show the greatest carbon burial during inter-
glacials, with low diatom absolute abundance during glacials. This is in contrast to sites farther north, where
carbon transport to the seafloor is higher during glacial periods. These results demonstrate the importance of
reconstructing diatom absolute abundances across the Southern Ocean to understand their role in the global
carbon cycle.

Data Availability Statement

Data generated for this work, diatom relative and absolute abundance data, are available in the supplemental
materials and at Pangaea (Warnock, 2022).
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