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Abstract: The Southern Ocean plays a fundamental role in regulating global atmospheric
CO; levels, yet the underlying processes and feedbacks that control the carbon cycle today
remain unclear. The Last Glacial Transition (LGT 18,000-11,000 years ago or 18-11 kyr BP)
experienced rapid and sustained changes in CO, that may provide fresh insights, however,
fundamental questions over the mechanism(s) that modulate climate-carbon dynamics
during this important period remain. One key example is the enigmatic 1,900-year plateau
that interrupted the rise in atmospheric CO; during the LGT during a period of pronounced
mid- to high-latitude Southern Hemisphere cooling termed the Antarctic Cold Reversal
(ACR, 14,600-12,700 years ago or 14.6-12.7 kyr BP). Here we utilise five independent
approaches to provide a detailed marine biomarker reconstruction from a highly-resolved
Antarctic ‘horizontal’ ice core. Our reconstruction provides a coherent signal of enhanced
surface ocean productivity and microbial diversity, in the form of marine picoeukaryotes
and nanoplankton, that have been captured within ice from precipitation derived from the
South Atlantic sector of the high-latitude Southern Ocean. When combined with marine
sediment records, we confirm this period was coincident with increased biological export
(driving CO; sequestration), suggesting high-latitude biological feedbacks contributed to the
ACR CO; plateau. Transient climate modelling indicates that this period coincided with the
maximum seasonal variability in sea-ice extent, implying sea-ice feedbacks enhanced CO;
sequestration, making the high-latitude South Atlantic sector Southern Ocean a significant
carbon sink that contributed to the sustained plateau in CO; levels during the ACR. This
finding has ramifications for our understanding of contemporary ice-ocean-carbon
feedbacks, and confirms the dynamic role Antarctic sea ice plays, providing a negative

feedback during periods of rising CO,, a result that requires detailed assessment given recent
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high-latitude sea ice changes, that may impact the efficiency of the Southern Ocean carbon
sink.

Introduction: The Southern Ocean occupies some 14% of the planet’s surface and plays a
fundamental role in the global carbon cycle and climate (Bauska et al., 2016; Le Quéré et al., 2007;
Marshall and Speer, 2012). It provides a direct connection to the deep ocean carbon reservoir
through physical and biological processes that include surface primary productivity,
remineralisation of carbon at depth, and upwelling of carbon-rich and radiocarbon (**C)-depleted
water masses (Gottschalk et al., 2016; Marshall and Speer, 2012; Turney et al., 2016). However,
the role of these different processes in modulating past and future air-sea carbon flux remains
poorly understood (Hewitt et al., 2016; Schmitt et al., 2012). Considerable uncertainty surrounds
the source(s) and sink(s) of carbon during the Last Glacial Termination (LGT; 19 to 11.6 kyr BP)
when atmospheric CO; rose from approximately 190 parts per million (ppm) to around 270 ppm
(Figure 1). Recent detailed analysis of the stable isotopic composition of atmospheric carbon
dioxide (8"°C-CO,) from Antarctic ice cores provides new insights into the potential effects of
terrestrial carbon in defining rapid rises in CO,, but highlighted that CO, variability across this
period may reflect a combination of sources, sinks and feedbacks (Bauska et al., 2016), that may
provide valuable insights into the role of the Southern Ocean processes in modulating global CO,

today (Barnes, 2015).
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Figure 1. Comparison of A. Atmospheric CO, concentration from the WAIS divide core (WD214
chronology) (Marcott et al., 2014) with available Southern Hemisphere records of B. Cariaco
Basin grey scale, a measure of latitudinal changes in the trade winds associated with the ITCZ
(Hogg et al., 2016). C. non-sea salt Ca®" flux (nssCa2+) from EPICA Dronning Maud Land
(EDML) (Wolff et al., 2006a). D. South Atlantic opal flux from core TN057-13 (Anderson et al.,
2009). E. Scotia Sea opal flux from core MD07-3134 (Weber et al., 2014). Vertical boxes indicate

the periods defined by the Antarctic Cold Reversal (ACR) (blue), the Younger Dryas (YD)
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chronozone (11.7-12.7 kyr BP).

The parallel changes in Antarctic temperature and atmospheric CO, have been interpreted as
climate playing a substantial role in the carbon budget of the Southern Ocean (Anderson et al.,
2009; Monnin et al., 2001). Several physical and biological mechanisms have been invoked to
explain these observations. These include changes in the strength and/or latitudinal migration of
the mid-latitude Southern Hemisphere jet stream and prevailing surface westerly air flow that
drives Southern Ocean overturning (Anderson et al., 2009; Marshall and Speer, 2012; Toggweiler
et al., 2006), variations in iron (dust) fertilization of subantarctic phytoplankton impacting the
efficiency of the Southern Ocean biological carbon pump (Jaccard et al., 2016; Jaccard et al., 2013;
Martinez-Garcia et al., 2014), Antarctic sea-ice controlling CO; exchange (Butterworth and Miller,
2016; Delille et al., 2014) and carbon drawdown (Barnes, 2015), as well as the potential impacts
of a warming ocean on CO; exchange (Bauska et al., 2016). The role of the Southern Ocean as a
source or sink of atmospheric carbon during the LGT remains highly contested, with the above
processes not fully accounting for the pattern of change in CO; recorded over this period (Jaccard
et al., 2016), implying that one or more mechanisms are currently not captured in our present

understanding.

One striking feature of the LGT record is a 1,900 year-long-plateau in CO; concentration, when
CO; paused at a near-constant 240 ppm coinciding with the period of high latitude Southern
Hemisphere surface cooling, termed the Antarctic Cold Reversal (ACR; 14.6-12.7 kyr BP) (Pedro
et al., 2015). Whilst the rapid rises in CO, may be attributed to either terrestrial carbon feedbacks

or through shifts in the Intertropical Convergence Zone (ITCZ) that may have impacted ocean
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circulation and the location and intensity of the Southern Hemisphere Westerlies (Bauska et al.,
2016), the enigmatic plateau between 14.6-12.7 kyr BP remains unexplained (Figure 1). In the
absence of clear mechanisms the need for well resolved palaco-proxy reconstructions that may
shed light on causes of this plateau are needed, as it may help reveal new insights into the high-
latitude ocean’s potential for carbon sequestration (Boyd et al., 2019). Here we exploit an
innovative new ice core record to reconstruct high-latitude environmental changes during the ACR
to gain new insights into the driver (s) of Southern Ocean carbon feedbacks during this important

transition.

The ACR was characterized by surface cooling across the mid to high-latitude Southern
Hemisphere (Fogwill and Kubik, 2005; McGlone et al., 2010; Pedro et al., 2015), coincident with
sustained warming across the Northern Hemisphere (the North Atlantic Belling-Allered
interstadial) (Jaccard et al., 2016; Marcott et al., 2014), abrupt global sea level rise (Fogwill et al.,
2017; Weber et al., 2014), and major disruptions to atmospheric and ocean circulation, and the
carbon cycle (Jaccard et al., 2016; Martinez-Garcia et al., 2014; Schmitt et al., 2012). Whilst the
global sequence of events during the ACR is reasonably well known (Pedro et al., 2015), a clear
understanding of the drivers and impacts of contrasting polar climate changes on global CO; trends
has proved elusive due to the challenges in precisely aligning ice and marine records across this
period (Jaccard et al., 2016). In part this reflects the lack of well-resolved, high accumulation
marine sedimentary records from the high-latitude Southern Ocean. One crucial record in this
regard comes from marine sediment core TN057-13 (~53°S) (Anderson et al., 2009; Jaccard et al.,
2016) (Figure 2), which suggests that the ACR was characterized by reduced carbon sequestration

in the mid-latitudes (as measured by decreased biological productivity or export production
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(Anderson et al., 2009; Gottschalk et al., 2016); Figure 1D), possibly the result of enhanced
stratification that decreased the vertical supply of nutrients across the high-nutrient, low-
chlorophyll (HNLC) sectors of the Southern Ocean during cooling (Anderson et al., 2009).
However, such a hypothesis is difficult to test in the absence of other well resolved, high-latitude

records of Southern Ocean productivity.

8000

-8000

Figure 2. Location map of the South Atlantic sector of the Southern Ocean with the locations of
Patriot Hills in the Ellsworth Mountains, the EPICA Dronning Maud Land (EDML) ice core
(Wolff et al., 2006a), the Scotia Sea MDO07-3134 core (Weber et al., 2014), and marine core
TNO057-13 (Anderson et al., 2009) produced with GMT (Wessel, 1998). Locations of the southern
limb of the Antarctic Circumpolar Current (purple), the polar front (red), subantarctic front (green)

and the subtropical front (yellow) (Orsi et al., 1995).
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Changes in Southern Ocean productivity polewards of TN057-13 are recorded within the highly-
resolved marine core MDO07-3134, located at ~59°S in the Scotia Sea (Figure 1E; see
Supplementary Information) (Weber et al., 2014). In common with core TN057-13 this sequence
is exceptionally well resolved , with sedimentation rates of 20 to 200 cm/kyr (Weber et al., 2014).
Here we report opal burial rates from MDO07-3134 used, after accounting for sediment focussing
with *°Th normalisation (see Supplementary Information) (Meyer-Jacob et al., 2014), we estimate
changes in biological productivity (export production) at the site (Figure 1E). The reconstruction
suggests that whilst export production in the high-latitude Southern Ocean similarly increased
from ~17 ka, the trend was maintained through the ACR, in antiphase to records further north
(Anderson et al., 2009) (Figure 1 and Figure 2), suggesting that at high latitudes other driver(s) of
marine biological activity may have operated during this period. In the absence of a network of
highly resolved marine records from the high-latitude Southern Ocean that have been normalised

for sedimentation rate changes (through >

Th normalisation (see Supplementary Information))
(Sprenk et al., 2013), we develop a new record of high-latitude surface ocean productivity using
the marine biomarkers and DNA analyses of picoplankton and nanoplankton from a highly-
resolved horizontal ice core from the Weddell Sea Embayment, Antarctica (Fogwill et al., 2017),
that captures regional-scale processes operating across the south Atlantic sector of the Southern
Ocean across the LGT (Figure 3) (Fogwill et al., 2017; Turney et al., 2013).

Materials and methods

The ‘horizontal’ ice core record was obtained from the exposed blue ice area (BIA) at Patriot Hills
in Horseshoe Valley, Ellsworth Mountains (Figure 2) (Fogwill et al., 2017), which, in contrast to

many other BIA areas has not been mixed through ice flow (Fogwill et al., 2017; Winter et al.,

2016a). Horseshoe Valley is a locally-sourced compound glacier that is buttressed by, but
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ultimately coalesces with, the Institute Ice Stream close to the contemporary grounding line of the
AIS making it the ideal site to build up a record of environmental and ice sheet change in this
sector of Antarctica (Fogwill et al., 2017). With contemporary snow accumulation at the site being
associated with low-pressure systems that have either tracked across the Weddell Sea from the
southern Atlantic Ocean, or that relate to blocking by the Antarctic Peninsula (Abram et al., 2007;
Reijmer et al., 1999; Turney et al., 2013), the site is ideally placed to record environmental changes

across the Scotia Sea, Weddell Sea and high-latitude South Atlantic (Figure 2).

The Patriot Hills record is chronologically constrained by multiple greenhouse gas species (COa,
CH4 and N,O) supported by geochemically identified volcanic (tephra) horizons (Figure 3 and
Supplementary Information), with increased sampling and more tephra’s identified providing
tighter chronological control through the LGT building on previous studies (Fogwill et al., 2017).
The age model demonstrates that the BIA sequence spans from ~2.5 to 50 kyr BP, with two
unconformities (Discontinuities D1 and D2), that mark the build-up to (D1), and deglaciation from
(D2), the last glacial cycle (Figure 3) (Fogwill et al., 2017). High-resolution ground penetrating
radar (Winter et al., 2016b) and detailed analysis of trace gases and volcanic tephra horizons
(Fogwill et al., 2017) demonstrates that the conformable BIA layers or ‘isochrons’ between these
two unconformities span the period between ~11 to ~23 kyr BP (Figure 3C). Thus the horizontal
ice core captures a unique highly-resolved record of ice-sheet dynamics (Fogwill et al., 2017), in
an area of exceptionally slow moving ice, with no chronological breaks or unconformities across
the LGT (see Supplementary Information), providing an opportunity to obtain large volume ice

samples of known ages for innovative multiproxy biomarker analyses (Fogwill et al., 2017).
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Figure 3. A. Schematic stratigraphic succession from Ground Penetrating Radar (GPR), across the
Patriot Hills BIA, indicating ice accumulation punctuated by two periods of erosion (D1 and D2;
thick black lines), and the position of tephras at 282m, 279m and 190m (red lines) across the profile
(Fogwill et al., 2017). B. Dashed blue line represents 6D-excess across profile; solid horizontal
black lines denote potential regime shifts across the profile at 99% confidence, and dashed black
lines denote potential regime shifts across the profile at 95% confidence (Rodionov, 2004). C.
Age-depth model based upon chronological control ties between D1 ~21 ka (21,000 years) and D2
~10 ka (10,000 years) as defined from volcanic ‘tephra’ horizons and most-likely age as derived

from multiple trace gas comparison (CH4, CO,, N,O; see Supplementary Information (Fogwill et
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To examine regional environmental responses through the LGT, fluorescent organic matter (fOM)
content and liquid chromatography organic carbon detection (LC-OCD) (Huber et al., 2011)
analysis of biomarkers was undertaken on LGT ice outcropping at the Patriot Hills BIA (see
Supplementary Information and Figure 4) (Huber et al., 2011). Detailed analysis of the
fluorescence emission spectra identified two protein-like components (Stedmon et al., 2003) in ice
throughout the profile. Due to their excitation-emission wavelengths, we can unambiguously
identify these fOM components as those widely reported in precipitation as TRYLIS and TYLIS:
tryptophan and tyrosine-like substances (Jorgensen et al., 2011; Parlanti et al., 2000) (see
Supplementary Information (Figure S2)). Whilst there are limited studies in ancient Antarctic ice
(D'Andrilli et al., 2016), past studies have demonstrated that a strong TRYLIS signal is found in
Antarctic snow and ice derived from precipitation from the marine environment (Barker et al.,

2013; Hood et al., 2009; King et al., 2019; Rohde et al., 2008; Smith et al., 2017).
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Figure 4. A. Imaging Flow Cytometry (ImageSteam®) analysis highlights the four principal
populations identified in ancient ice from the Patriot Hills BIA. B. SEM images of marine
picoeukaryotes with tails (chitin) C. Microorganisms previously identified in marine seawater
(teal) or marine sediments (light blue) are observed in samples from different sections of the Patriot
Hills BIA. The proportion of the taxa from each core, given a specific extraction method
(Powerlyzer left hand side, or CTAB, right hand side). The period defined by the ACR is

represented by the blue box.

To unambiguously identify the source of the fOM signal and confirm our interpretation of a marine
origin we apply Imaging Flow Cytometry (ImageSteam®) and Scanning Electron Microscopy
(SEM) to ancient ice samples. Imaging Flow Cytometry reveals four significant populations

preserved within ice from samples in the Patriot Hills BIA record (Figure 4A). The first is an
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inorganic fraction ranging from ~2-10um in length, characterised by a flaky flat structure and no
autofluorescence, which we interpret as a mixture of crypto-tephra, and / or wind-blown dust. The
second population is composed of dark angular particles ~5-12um in length, that have a high
autofluorescence, and a 3-D structure evidenced from a strong ch006 (side scatter) signal, which
we classify as nanoplankton. The third population is characterised by spheroidal forms ranging in
diameter from ~2-5um, that again have a high autofluorescence, and a 3-D structure evidenced
from a strong ch006 (side scatter) signal, which we identify as Eukaryotic picoplankton and
picoeukaryotes. Finally, a fourth population is characterised by elongate spicules or rods between
2-10um, that have a high autofluorescence, and a 3-D structure evidenced from a strong ch006
(side scatter) signal, which we identify as Chitin, most likely related to the third population of
eukaryotic picoplankton and picoeukaryotes, an interpretation confirmed through SEM (Figure
4B). Beyond these four populations only a few other events were recorded, which were identified
as broken diatom frustules, which were characterised by a high autofluorescence, and a side scatter

signal (see Supplementary Information).

Of the populations identified through Imaging Flow Cytometry (ImageSteam®) the eukaryotic
picoplankton and picoeukaryotes and Chitin populations made up most the made ~56% of the total,
with the non-fluorescent signal ~12%, and finally ~36% of the signal being less than <2um,
therefore unclassified at present (Classification of this fine particulate fraction is difficult due to
its small size. However, ~20 % of events within this fraction are characteristic of picoeukaryotes
(displaying similar properties to eukaryotic picoplankton identified in the > 2 pm fraction, below).
The remaining 80 % is comprised of ‘elongate fluorescent rods’ (likely chitin), and unclassified

angular and round particulate.
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The fact that the picoplankton and picoeukaryotes populations (>2pum) were not recorded as one
population in the Imaging Flow Cytometry (ImageSteam®) analysis was concerning, and likely
reflects the process of the flow cytometry, where sheath fluids run through the machine at the same
time as the sample — this focuses the sample in a steady stream, so that each ‘event’ can be analysed
individually. This effect, or possibly vortexing prior to analysis, may have disaggregated the
picoplankton and picoeukaryotes, separating the tails (chitin) from the spheroidal ‘body’ (see
Supplementary Information). To test this Scanning Electron Microscopy (SEM) was undertaken
on samples that had not been previously unfrozen or analysed. SEM imaging demonstrated
unambiguously that whole picoplankton and picoeukaryotes were present in the water samples

from ancient ice, complete with chitin (Figure 4B).

Having undertaken four independent yet mutually supportive biomarker approaches on ice samples
across the LGT from the Patriot Hills BIA we can conclude that marine biomarkers are present
throughout the profile. The location of the BIA, the unambiguous nature of the biomarker signal,
and the observation that marine regions have exceptionally low humic-like substances (HULIS)
content and relatively high TRYLIS content (Muller et al., 2008; Willey, 2000), indicates that the
primary source of fOM in the ice is from precipitation derived from the high-latitude Southern
Ocean (Abram et al., 2007; Reijmer et al., 1999; Turney et al., 2013). This interpretation is
supported by both independent LC-OCD and independent fluorescence techniques (see Figure 4
and Supplementary Information (Figure S2)), which fail to identify the presence of humic-like
substances in ice from the Patriot Hills BIA, ruling out either a terrestrial source of the f{OM signal

or in situ secondary production(Smith et al., 2017) in the ancient ice which was recovered from
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depth. Imaging Flow Cytometry (ImageSteam®) identifies that the bulk of the f{OM signal relates
to the presence of microscopic marine plankton, principally picoplankton and picoeukaryotes, but

also with nanoplankton populations up to ~8um in size.

As recorded in contemporary mesoscale experiments picoplankton and picoeukaryotes form the
basis of the pelagic communities response to iron fertilisation in the high-latitude HLNC Southern
Ocean(Boyd et al., 2000), and are key to CO, draw down in the polar Southern Ocean(Boyd et al.,
2019). With Imaging Flow Cytometry and independent biomarker (fOM and LC-OCD) analysis
demonstrating that the TRYLIS and TYLIS components identified are a measure of picoplankton
and picoeukaryotes populations the fOM signal can be interpreted as a robust measure of Southern
Ocean productivity in the Weddell and Scotia Sea areas of the South Atlantic sector of the Southern
Ocean. With both the TRYLIS and TYLIS components being identified in the WAIS Divide
core(Rohde et al., 2008) and in the fOM signal in contemporary snow cores from the Patriot Hills
site that record the past decade (see Supplementary Information (Figures Sland S2)), it provides a
measure of high-latitude surface marine productivity in this sector of the Southern Ocean that can
be linked to export production in the Southern Ocean (Boyd et al., 2000), a hypothesis testable

through the analysis of marine sediments from sites such as The Scotia Sea.

Results

By comparing the records of fOM across the LGT we observe a pronounced peak in these
biomarkers across the well-constrained ACR part of the Patriot Hills BIA sequence (Figure 5).
This change in fOM signal could reflect marked changes in precipitation source over the LGT;

however, regime shift analysis (Rodionov, 2004) on the deuterium-excess profile measured across
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the LGT profile reveals no significant variability across the ACR, or the LGT, at either 99% or
95% confidence, indicating that the precipitation source remained constant (Figure 3C). The
implication is that the fOM signal reflects large relative variations in the concentration of TRYLIS
and TYLIS in the precipitation source region produced by the aerial transport of marine
microorganisms, principally nanoplankton, picoplankton and picoeukaryotes as identified through
ImageSteam®. In our analysis, we focus on the variation in the TRYLIS component, which makes
up highest percentage of the variance in fOM signal (83.33%: see Supplementary Information).
The fOM TRYLIS component, hence concentration of marine-derived nanoplankton,
picoplankton and picoeukaryotes, is highly variable across the BIA ice core record but has a

sustained high concentration through the ACR (Figure 5E).
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Figure 5. Comparison of A. Diatom transfer function-based estimates of winter sea-ice
concentration (Esper and Gersonde, 2014), B. Sea salt (ssNa+) from EPICA Dronning Maud Land
(EDML) (Wolffetal., 2006a). C. Iceberg-rafted debris flux (IBRD; normalised 100-year average)
relative to Holocene from core MDO07-3134 (Weber et al., 2014). D. Difference in seasonal extent
of Antarctic sea-ice area from LOVECLIM (Menviel et al., 2011) and E. f{OM concentration
(Component 1; TRYLIS, raw data is represented by a solid red line). Vertical boxes indicate the
periods defined by the Antarctic Cold Reversal (ACR) (blue), the Younger Dryas (YD)
chronozone (11.7-12.7 ka) and black triangles represent the age tie points (derived from
geochemically identified volcanic horizons and trace gases, see Supplementary Information and

Figure S1) in this section of the Patriot Hills BIA (see Figure 3).

To further investigate the detail of the marine biomarker signals, large volume ice samples were
sampled across the LGT portion of the exposed BIA at Patriot Hills to extract ancient bacterial
DNA in situ by directly melting and filtering samples from specific time-horizons — a novel
approach to minimize the introduction of contaminants (see Supplementary Information) and
which enables us to obtain insights into the picoplankton, picoeukaryotes and nanoplankton
represented at a taxa level. 16S rRNA indexing reveals a marked ecological switch characterized
by the appearance of large numbers of halotolerant microorganisms commonly found in seawater
was observed during the ACR, coincident with the increase in fOM TRYLIS signal (Figure 4C
(see Supplementary Information (Tables S1 and S2)). Specifically, we found marine-associated
taxa, Helicobacteracea, Rhodobacteraceae, Marinobacter and Pseudidiomarina, statistically
associated with the ACR period (p<0.038), and observe a slight increase in species diversity

(predominantly marine taxa) compared to that observed during either the mid-Holocene or the
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glacial samples from the Patriot Hills BIA sequence (Figure 5, Tables S1 and S2). Whist the source
of this signal could have been from brine pools associated with the build-up of sea ice, we suggest,
based on the taxa identified, that the signal reflects an enhanced diversity and productivity from
open marine, or marginal sea ice zone. ~With five independent approaches (LC-OCD, Imaging
Flow Cytometry analysis, and the independent fOM and DNA) each pointing to enhanced marine
biological productivity in the high latitude South Atlantic sector of the Southern Ocean our results
infer that the ACR was a period of enhanced marine biological productivity. With the enhanced
picoplankton and picoeukaryotes signals derived from the surface precipitation source waters of
the HNLC Southern Ocean during the ACR, we suggest that there was a strengthening of the
biological pump which mirrored the effects of iron-fertilisation(Boyd et al., 2000) in this South
Atlantic Sector of the Southern Ocean, a finding that supports the enhanced export production

recorded in marine sediments from the Scotia Sea (Figure 1E) (Weber et al., 2014).

Discussion

To reconcile the apparent conflict between the increase in marine productivity recorded in marine
sediments from the Scotia Sea and the Patriot Hills ice core with the decrease reported further
north in the South Atlantic (Anderson et al., 2009; Jaccard et al., 2016) during the ACR, we
compare our record of marine biomarkers (fOM) captured in ice with potential drivers of Southern
Ocean productivity. We compare available records of iceberg rafted debris (IBRD; a proxy for
Antarctic iceberg discharge) (Weber et al., 2014)), sea salt sodium (ssNa") from the EDML ice
core (a proxy for sea-ice extent) (Wolff et al., 2006b), proxy sea-ice reconstructions (Abelmann et
al., 2015; Esper and Gersonde, 2014) to investigate possible physical drivers of enhanced

productivity, and we compare independent transient modelling experiments using LOVECLIM
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that include fresh water hosing in the Ross and Weddell seas (Menviel et al., 2011) (Figure 5; and
Supplementary Information). Comparison between these records and the BIA LGT record between
~24 and ~14.6 kyr BP indicate weak relationships between marine biological productivity (using
opal flux as a measure of export production), sea-ice expansion, atmospheric CO, variability and
the peak in marine derived biomarkers (fOM), agreeing with previous studies (Figure 5) (Collins
et al., 2012). This contrasts with the period defined by the ACR, where we observe a strong
relationship between marine fOM in the Patriot Hills BIA, increased production of biogenic opal
in the Scotia Sea, and the extended atmospheric CO; plateau across the ACR (Figures 1 and 5).
Given that this increase in marine productivity seen in the Scotia Sea during the ACR is not
apparent in mid-latitude marine records (Figure 2)(Anderson et al., 2009; Jaccard et al., 2016), we
focus on possible high-latitude drivers of CO, exchange: iron fertilization from enhanced IBRD
flux (Duprat et al., 2016), a reduction in Antarctic Bottom Water (AABW) formation due to
enhanced freshwater flux (Fogwill et al., 2015; Golledge et al., 2014; Menviel et al., 2010), and

sea-ice feedbacks (Abelmann et al., 2015) (Figure 6).
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Figure 6. Schematic cross section of the mid to high latitude Southern Ocean. A. Post-Last Glacial
Maximum (LGM) configuration with southerly displacement of the Southern Hemisphere
Westerlies (SHW), depicting enhanced overturning of mid-latitude Southern Ocean between ~17
ka- 14.7 ka as suggested by opal flux (Anderson et al., 2009). B. Antarctic Cold Reversal with
enhanced intrusion of Circumpolar Deepwater (CDW) onto Antarctic shelf areas. Austral winter /
spring, depicts marked winter sea-ice expansion (WSI), northwards migration of the SHW, with
stratification and deepening of the mixed layer allowing ‘nutrient refuelling’ from deeper nutrient-
enriched ocean and reduction in AABW formation at high-latitudes (Abelmann et al., 2015). C.
Antarctic Cold Reversal (austral summer/autumn), extensive WSI break up enhancing marine
primary productivity, from light and iron fertilization in a warming ocean leading to enhanced CO,
drawdown in high-latitude HNLC Southern Ocean. D. Younger Dryas chronozone mid-latitude
overturning reinvigorated leading to degassing of old carbon, and enhanced opal flux across the

Southern Ocean.

IBRD contains high concentrations of bioavailable iron, making iceberg melt a potential source
for increased primary productivity and carbon sequestration through fertilization across the HNLC
regions of the high-latitude Southern Ocean (Duprat et al., 2016). Intriguingly, despite significant
evidence for potential enhanced iron fertilization of the Southern Ocean through increased delivery
of IBRD at around 20-19 kyr BP and 17-16 kyr BP (Weber et al., 2014), there does not seem to be
a strong biological response in the Patriot Hills fOM or Scotia Sea opal flux records (Figures 2 and
5), suggesting enhanced IRBD influx did not lead to enhanced high-latitude marine export

production.
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Alternatively, an increase in meltwater flux and reduction in the rate of AABW formation during
the ACR (Golledge et al., 2014; Menviel et al., 2011; Menviel et al., 2016; Weber et al., 2014)
may have increased stratification and carbon sequestration across the high-latitude Southern
Ocean. Published analysis has demonstrated that there was significant ice-sheet drawdown across
the Weddell Sea Embayment at this time (Fogwill et al., 2017; Weber et al., 2014), suggesting that
influx of meltwater could have triggered stratification, and substantial circulation changes across
the broader Southern Ocean, magnified by associated shifts in the intensity and/or location of
surface westerly air flow (Anderson et al., 2009; Fogwill et al., 2017; Hogg et al., 2016; Jaccard
et al., 2016). This interpretation is supported by independent ice-sheet and Earth system modelling
experiments (Menviel et al., 2011; Weber et al., 2014). However, the disparity in the opal flux
records between marine cores from the mid-latitude South Atlantic (Anderson et al., 2009) and
Scotia Sea, suggests that the enhanced export production was focussed on the high-latitude South

Atlantic during the ACR (Figure 1).

An alternative mechanism that could enhance marine productivity at the high-latitudes involves
sea-ice feedbacks. Recent studies of full glacial conditions suggest that reduced surface—deep
ocean exchange and enhanced nutrient consumption by phytoplankton in the Southern Ocean may
have lowered atmospheric CO; (Abelmann et al., 2015; Collins et al., 2012). During the austral
winter, sea-ice expansion allowed the mixed layer to deepen, ‘refuelling’ the surface ocean with
nutrients from the deep ocean reservoir, and enhancing near-surface productivity and export
production during the break up of sea ice in the subsequent summer. This process was likely
amplified by the addition of iron from sea-ice melt and breakup in the post-glacial HNLC ocean,

and possibly seasonal temperature changes and CaCOs dissolution (Delille et al., 2014).
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The strong marine fOM signal preserved in the Patriot Hills BIA coincides with Southern
Hemisphere surface ocean and atmosphere cooling during the ACR (Figure 5). Proxy records and
transient Earth system modelling (Menviel et al., 2011) suggest the highest seasonal variability in
sea-ice extent across the LGT took place during the ACR (with greatest extent during winter and
spring) (Figure 5), implying these sea-ice feedbacks were amplified across this period (Figure 6).
The conditions contrast markedly in the periods immediately prior to (Figure 6A) and following
(Figure 6D) the ACR, when the seasonal sea ice zone was relatively less variable (Figure 5), the
high-latitude Southern Ocean less stratified (Golledge et al., 2014; Menviel et al., 2011; Weber et
al., 2014), and the location of the Intertropical Convergence Zone (ITCZ) and mid-latitude
Southern Hemisphere Westerlies were relatively further south (Figure 2). Set against a backdrop
of a warming ocean during the LGT this likely created ideal conditions for enhanced Southern
Ocean productivity in the high-latitude Southern Ocean, especially in sectors of the South Atlantic

such as the Weddell and Scotia seas.

Comparison between our continuous Scotia Sea opal flux record (Weber et al., 2014) and the
Patriot Hills BIA fOM record suggests that we are capturing a high-latitude signal of enhanced
surface marine primary productivity caused by marked seasonal sea-ice variability during the
ACR, a period characterised by a sustained atmospheric CO; plateau (Jaccard et al., 2016; Marcott
et al., 2014; Schmitt et al., 2012). During the ACR, most marine records across the mid-latitudes
suggest the biological pump in the Southern Ocean weakened, in apparent contradiction of the
plateau in atmospheric CO; at that time (Figure 2). Our results indicate that despite low dust input

(Figure 2), and surface cooling across subantarctic waters during the ACR, marked variability in
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sea-ice extent resulted in increased seasonal surface productivity in the HNLC waters of the high-
latitude South Atlantic sector of the Southern Ocean in comparison to periods prior to and
following this event (Figure 5). We suggest that increased seasonal marine primary productivity
in fact enhanced the Southern Ocean organic carbon pump, increasing carbon drawdown (and
leading to enhanced export production) (Figure 6). Whilst other mechanisms may have played a
part in the 1,900 year-long ACR CO; plateau — including iron fertilization, cool Southern Ocean
surface temperatures and possibly reductions in the rate of AABW formation — the potential that
seasonal Southern Ocean sea-ice feedbacks in the South Atlantic sector of the high-latitude
Southern Ocean may have contributed to a slowdown in the rate of CO, rise during the ACR is a
significant observation that has implications for our understanding of the role of the Southern
Ocean in global carbon dynamics. Crucially, our results imply that during periods of Southern
Ocean sea-ice expansion, high variability in winter and summer sea-ice extent may result in
enhanced carbon sequestration as seen recently , providing a negative feedback during periods of
rising CO,, a finding that requires detailed assessment given contemporary Antarctic sea ice

changes (Barnes, 2015).
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