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Abstract The Amundsen Polynya (AP) on the inner and middle continental shelf of the western Amundsen
Sea Embayment is the fourth largest coastal polynya around Antarctica. The AP is highly productive when it
opens in austral summer, with ~20 times greater organic carbon accumulation rates over the last few thousand
years compared to those at nearby shelf sites with more persistent seasonal sea-ice cover. We examined
sedimentary records at a site from the AP and another site from the outer shelf to investigate temporal variations
in the depositional environment with a special focus on the timing of the AP opening since the deglaciation
following the Last Glacial Maximum (LGM; ca. 23-19 cal. ka BP). In the AP region, sedimentological and
biogeochemical proxy data reveal a transition from a sub-glacial to a sub-ice shelf and then seasonally open
marine conditions comparable to those at present. Total organic carbon contents and diatom valve abundances
during the seasonally open marine period imply that the polynya environments was reached at ca. 9.2 cal. ka
BP. Since the post-LGM deglaciation, diatom productivity and assemblages in the AP region appear to have
varied in association with the variation in the physical environment. Compared to the AP site, only small
amounts of organic carbon accumulated on the outer shelf. Differences in the depositional environments and
productivity modes between the inner and outer shelf sites have persisted since ca. 10.5 cal. ka BP.

Plain Language Summary The Amundsen Polynya (AP) on the Amundsen Sea shelf is the fourth
largest and the most productive coastal polynya around Antarctica. For the last few thousand years, the AP
has maintained higher organic carbon accumulation rates compared to nearby sites outside of the polynya.

We examined two sediment core records (one from the AP and one from a region with more persistent
seasonal sea-ice cover) to track temporal variations in biological production and organic carbon accumulation.
A comparison of the sediment records reveals that the differences in the depositional environments and
productivity modes between the inner and outer shelf sites have persisted since the grounded ice retreat from
the shelf following the Last Glacial Maximum. This finding stresses the importance of polynyas with regard
to organic carbon production and the accumulation of seabed sediments around Antarctica. Understanding
variability in the past will provide useful information for predicting future environmental and ecological
changes in Antarctic polynyas in response to global warming and the resulting sea-ice and glacial ice melting.

1. Introduction
1.1. Physical Environment in the Western ASE

Antarctic coastal polynyas are near-shore shelf areas where the duration of sea-ice-cover is drastically reduced
when compared to surrounding shelf regions that experience open-water conditions of only up to a few weeks or
months during austral spring and summer (e.g., Martin, 2001). They are characterized by high primary produc-
tion (PP), especially in summer (Arrigo and Van Dijken, 2003; Smith & Barber, 2007) and are potentially impor-
tant sites for atmospheric CO, absorption (Arrigo et al., 2008).

The Amundsen Sea Embayment (ASE) is located on the West Antarctic continental shelf between the Ross Sea
and the Bellingshausen Sea (Figure 1). This region hosts two polynyas, the Pine Island Polynya (PIP) in the east
and the Amundsen Polynya (AP) in the west. The AP begins to expand in early November, when the sea-ice
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concentration starts to decrease, and can reach a size of ~27,000 km? for 132-182 days, whereas the surround-
ing shelf regions are covered with sea-ice most of the year (Arrigo et al., 2012; Mu et al., 2014). The sea-ice
concentration in the Amundsen Sea has decreased over recent decades, a trend that may continue into the future
(Parkinson, 2019; Stammerjohn et al., 2012). Ice-shelf melting may result in a loss of grounded ice further
upstream (Paolo et al., 2015; Rignot et al., 2013, 2019). This ice-shelf melting is mainly driven by warm, saline
Circumpolar Deep Water (CDW) that undergoes upwelling at the continental slope and intrudes far onto the ASE
shelf (e.g., Dutrieux et al., 2014; Jacobs et al., 2011; Yang et al., 2022). There are three main water masses char-
acterized on the ASE: modified Circumpolar Deep Water (mCDW) lies below a water depth of ca. 300-600 m,
Antarctic Surface Water (AASW) exists at the surface (upper ca. 50-100 m), and Winter Water (WW) is between
these two (Dutrieux et al., 2014; Jacobs et al., 2011, 2013; Yager et al., 2012). CDW flows across the western
ASE shelf through the Dotson-Getz Trough and forms mCDW by mixing with the overlying shelf waters and
glacial meltwaters (Ha et al., 2014; Jenkins et al., 2010; Miles et al., 2016). Recently, studies based on in situ
observations and/or models connected the intrusion of CDW with large-scale climate variabilities such as South-
ern Annular Mode (SAM) and El Nifio—Southern Oscillation, (ENSO), which affect wind patterns, surface air
temperatures, and sea-ice conditions (Kim, Yang, et al., 2021; Liu et al., 2004; Nakayama et al., 2018; Turner
etal., 2017).

1.2. Biogeochemical Characteristics of the Western ASE

The AP is the most productive polynya around Antarctica (Arrigo et al., 2012; Arrigo and Van Dijken, 2003; Mu
et al., 2014). Previous in situ measurements showed that the primary production (PP) in the AP (~2200 + 1400
mgC m~2 d~! in summer bloom) was much higher than those at nearby shelf sites outside the polynya (Lee
et al., 2012). The observations of high PP in the AP are consistent with the total organic carbon (TOC) accumu-
lation rate calculated for late Holocene sediments underlying the AP, which is ~1.2 gC m~2 yr~! since 3.4 cal. ka
BP and about 20 times higher than that at a site on the outer shelf (Kim et al., 2016). The accumulation of TOC
in sediments underlying the AP was estimated to account for ~90% of the organic carbon burial on the entire
western ASE shelf, despite the fact that the AP covers only ~30% of this area (Kim et al., 2016).

In order to make better predictions of potential future changes in PP and carbon cycling in the AP, it is important
to study earlier variability in the processes, such as that related to biological productivity and organic carbon
burial in the sediments, especially focusing on the temporal development of the AP following the retreat of
grounded and floating glacial ice since the Last Glacial Maximum (LGM; ca 19-23 ka BP). Several studies have
investigated ice sheet/shelf changes in the ASE during the post-LGM deglaciation (e.g., Hillenbrand et al., 2013;
Kirshner et al., 2012; Larter et al., 2014; Smith et al., 2011, 2014). According to chronologies based on the '“C
dating of foraminifera, the outermost shelf in the western ASE has been free of grounded ice since at least
~22.4 cal. ka BP (calibrated ka before present), and the grounding line had retreated to within ~12 km of the
present Dotson Ice Shelf front by ~11.4 cal. ka BP (Smith et al., 2011). This '“C-based chronology matches
the C dating of the acid-insoluble fraction of organic matter (AIO) at a nearby core site (Smith et al., 2011).
Relative paleomagnetic intensity (RPI) records of sediment cores recovered offshore from the Getz Ice Shelf,
within 50 km of the modern calving line, suggest that grounded ice had retreated landward from these sites by ca.
13.0 ka, which is supported by AIO '“C dates from these cores (Hillenbrand et al., 2010).

A few studies have focused on the reconstruction of palacoenvironmental changes of the ASE shelf in the Holo-
cene (e.g., Kim et al., 2016; Kim, Lim, et al., 2021; Lamping et al., 2020). Hillenbrand et al. (2017) found that the
SHWW (Southern Hemisphere Westerly Winds), possibly linked to the SAM, was the major controlling factor
of CDW advection onto the ASE shelf in the early Holocene. Lamping et al. (2020) reconstructed the dynamics
of the ice shelf and sea-ice-cover in the AP during the last deglaciation on the basis of a multiproxy data set,
especially evaluating the use of IPSO,;, a biomarker for reconstructing the floating ice cover, and a biomarker
for phytoplankton production. While this early Holocene environmental change has been relatively well studied
(e.g., Hillenbrand et al., 2017; Larter et al., 2014), the marine records pertaining to the subsequent middle/late
Holocene on the ASE are still not well understood (Johnson et al., 2014, 2021; Sproson et al., 2022). Recently,
Kim, Lim, et al. (2021) presented a stepwise environmental shift related to large-scale climate variation, SAM
and ENSO, both known to control the ocean heat content over the ASE by affecting the position of the Amundsen
Sea Low (ASL) (Clem et al., 2017). These authors mainly focused on the Little Ice Age (LIA; Grove, 2004) and
the modern warm period.
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Figure 1. Upper panel: Bathymetric map of the ASE with the locations of the gravity cores analyzed for this study (red
squares) and a nearby core previously studied by Lamping et al. (2020) (yellow circle). Lower panel: Satellite image with
the sea-ice distribution on 15 February 2012, approximately at the time of core collection for this study. The satellite image
was obtained from rapid response imagery from the Land, Atmosphere Near real-time Capability for EOS (LANCE) system,
operated by the NASA's GSFC Earth Science Data and Information System (ESDIS). AP and PIP are abbreviations of the
Amundsen Polynya and the Pine Island Polynya, respectively. The shelf break is indicated by the dashed line in the image.

In this paper, we reconstruct depositional and related environmental changes in the AP since post-LGM deglacia-
tion using a sedimentary record dated with '*C at a high resolution, thereby focusing on the following questions:
(a) When did the AP open for the first time and how did AP development and related sedimentation change
over time? (b) How did depositional changes and environmental conditions in the AP area differ from those at a
nearby, heavily sea-ice-covered location on the outer shelf?

2. Materials and Methods

Gravity cores with diameters of 12 cm were collected at two locations during a cruise aboard the IBRV Araon
from January to March of 2012. Site GCOL1 is located on the outer shelf (71.70°S, 114.04°W; water depth 543 m;
recovery 141 cm; original core name AM12-GCO01; Figure 1). Site GCO2 is located near the center of the AP
(73.23°S, 114.91°W; water depth 802 m; recovery 214 cm; AM12-GC02). From each gravity core site, box cores
were also collected, for which linear sedimentation rates and other biogeochemical properties were reported
previously (Kim et al., 2016).

Gravity core sediments were split into two halves. One half was immediately stored after splitting, and the other
half was examined by X-radiography to investigate sedimentary structures (photographic and X-ray images of
the cores are presented in Figure S1 in Supporting Information S1). After temperature equilibration overnight,
magnetic susceptibility (MS) was measured on the split halves at 1-cm depth intervals using a Bartington MS-2B
susceptibility meter mounted on a multisensor core logger (Geotek Ltd., UK). Contents of the elements bromine
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(Br) and titanium (Ti) in the sediments were determined with an ITRAX XRF-core scanner, in order to use the
Br/Ti ratio as a proxy for marine organic carbon productivity because terrestrial organic matter is relatively poor
in Br (e.g., Wu et al., 2019; Ziegler et al., 2008). The samples were scanned from 3 to 50° 2q with a scan speed of
5° 2q per minute under Ni-filtered CuKa radiation. Sample slices with thicknesses of 1-cm taken at 4-cm depth
intervals were analyzed to determine the grain size distribution. Organic matter and carbonate were removed from
the samples by treatment with a 5% hydrogen peroxide and 35% HCI solution prior to the grain size measurement.
Contents of gravel (>2 mm) and sand (63 pm-2 mm) were determined by sieving, and the fine fraction (<63 pm)
was analyzed with a SediGraph (Micrometrics SediGraph 5000) to determine contents of silt (2-63 pm) and
clay (<2 pm). The water content was determined by the difference between the wet and dry weights. The water
content of sediment may provide information on the pressure exerted by the mass over the sediment, such as the
ice sheet. Another set of 1-cm thick sample slices taken at 2-cm depth intervals was analyzed for total carbon and
nitrogen contents using a Flash EA 1112 element analyzer. The CaCO, content was calculated from the content of
total inorganic carbon measured with a UIC 5030 coulometer. The TOC content was calculated as the difference
between the total and inorganic carbon contents. All of these analyses were performed on both cores at the Korea
Polar Research Institute (KOPRI).

The radiocarbon (4C, hereafter) contents of bulk organic carbon in the sediment samples were measured using
a gas-ion source Mini Carbon Dating System (MICADAS) accelerator mass spectrometer (AMS) in the Labora-
tory for Ion Beam Physics at ETH Ziirich (Table S1 in Supporting Information S1, Christl et al., 2013; McIntyre
et al., 2017). Due to the lack or insufficient amount of calcareous foraminiferas, bulk organic carbon were used
for '“C dating (Figure 2). For this analysis, each finely ground sediment sample was weighed in a silver cup and
fumigated with HCI vapor in a desiccator for at least three days at 70°C to remove inorganic carbon. The samples
were then stored in a desiccator with NaOH pellets (Fisher Scientific; analytical reagent grade) at 70°C over three
days to remove any residual HCI. These samples were converted to CO, using an elemental analyzer aligned
with the MICADAS. Radiocarbon measurements were normalized using an oxalic acid II standard (NIST SRM
4990C) and corrected for constant contamination introduced during fumigation using in-house shale and soil
reference materials according to Haghipour et al. (2019). At each site, we corrected the down-core “C dates (in
years BP) measured on the gravity core samples by subtracting previously published, uncorrected '“C dates of
bulk organic matter in seafloor surface sediments (0—1 cm) from the box cores collected at the same sites. The
corresponding ages were 3860 years (GCO1) and 2930 years (GC02) (Kim et al., 2016). The corrected “C ages
were then converted to calibrated years BP (cal. BP) using the CALIB 8.2 calibration program with the Marine20
data set (http://calib.org; Heaton et al., 2020; Reimer et al., 2013; Stuiver & Reimer, 1993).

A set of 1-cm-thick sediment slices (from the core surface to 16 cm depth) and another set of 2-cm-thick slices
(from 16 cm depth to the core base) were taken for AMS C dating and for an ICP-AES analysis of aluminum
(Al), barium (Ba) and zirconium (Zr). We used the Ba/Al ratios as a proxy for biological productivity and the Zr/
Al ratios both as a grain-size proxy because fast bottom current causes relative enrichment of heavy minerals over
less dense aluminosilicates (e.g., Bahr et al., 2014) and for evaluating the contribution from terrigenous heavy
minerals to the observed down-core Ba/Al changes (e.g., Hillenbrand et al., 2017) (note: some Al quantifications
by XRF-scanning were unrealistically low). These subsamples were freeze-dried, and then sieved to remove ice
rafted debris (>2 mm, Grobe, 1987) and stored frozen in pre-baked (450°C for 4 hr) glass jars. The element anal-
ysis was carried out using an ICP-AES (Optima 8300, PerkinElmer) at the Korea Basic Science Institute, with a
relative standard deviation (RSD) of 2.8%, 4.4%, and 7.6% for Al, Ba, and Zr, respectively.

For a sterol analysis, a set of 1-cm-thick sediment slices at depths of every 4-cm was used. Approximately
2-30 g of each freeze-dried and homogenized sample was extracted into a dichloromethane:methanol (90:10 v:v)
mixture using a microwave extraction system (MARS6 CEM Corporation; 100°C, 20 min). An internal standard
(1-nonadecanol, Sigma-Aldrich, 99%) was added prior to the analytical treatment for a reproducibility check.
Sterols were quantified by comparison to an external cholesterol standard (Sigma-Aldrich, >99%). The total
lipid fraction was separated into three fractions by silica gel column chromatography using hexane, hexane:ethyl
acetate (75:25 v:v), and methanol. The second fraction was silylated with bistrimethylsilyl-trifluoroacetamide
(BSTFA) and pyridine at 70°C for 30 min. Derivatized fractions were injected into an Agilent 7890A gas chroma-
tograph equipped with a capillary column (DB-1MS, 0.32 ID, 30 m length). Peaks were detected and quantified
with a time-of-flight mass spectrometer (TOF-MS; ALMSCO-BenchTOF-dx; 70 eV constant ionization poten-
tial). The gas chromatograph analysis was performed with the following temperature program: 40°C (1 min),
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Figure 2. Vertical distribution of sedimentological and geochemical proxies, '*C ages of organic matter of cores GCO1

(top) and GC02 (bottom). MS stands for magnetic susceptibility. Uncorrected '“C ages indicate the apparent '“C ages of bulk
organic matter (ka BP; open circles) and calibrated '*C ages indicate the reservoir effect-corrected and calibrated kilo-years
BP (cal. ka BP; closed circles).

130°C (rate: 40°C/min.), 320°C (rate: 10°C/min.), 320°C (10 min). The injection volume was 1 pl in the splitless
mode. Individual sterols were identified based on their mass spectra and retention times.

In this paper, GCO2 collected from the central AP as the prime core covers temporal variations from sub-glacial
to seasonal open marine environment and diatom assemblages were investigated only on this core (Figure 2,
Table S2 in Supporting Information S1). For the quantification of diatom abundances and diatom taxon identifi-
cation, an amount of ~2 g of dry sediment from a set of 1-cm thick sediment slices taken at 4-cm depth intervals
was used. The samples were heated to 100°C with 25 ml of hydrogen peroxide (H,0,, 30%) and 25 ml of 10%
hydrochloric acid for 1 day to oxidize the organic matter and dissolve the carbonates (Bak et al., 2018). Samples
were then washed three times with distilled water. Slides for diatom counting were prepared using the random
settling method of Scherer (1994), and the Norland optical adhesive (No. 61, refractive index: 1.56) was used as a
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mounting medium. Diatom counting and identification were conducted using a Nikon E400 microscope at 1000X
magnification (Esper et al., 2010; Gersonde & Zielinski, 2000; Heiden & Kolbe, 1928; Hustedt, 1930-1966, 1958;
Johansen & Fryxell, 1985; Manguin, 1957, 1960; Medlin & Priddle, 1990; Peragallo, 1921; Simonsen, 1992).

3. Results and Discussion
3.1. Radiocarbon Chronology

We examined the possibility of the loss of seafloor surface sediments during gravity coring by comparing the
core top *C ages and down-core variations of the *C ages, C/N ratios and contents of TOC and CaCOj of the
gravity cores to those of the box cores recovered from the same sites, for which preservation of seafloor surface
sediments had been confirmed visually (Figure S2 in Supporting Information S1; Table S3; Kim et al., 2016).
At site GCO1, the CaCOj, content and its down-core variations were the most useful parameter for comparison.
Approximately the top 7 cm of the gravity core appeared to have been lost during the coring process (Figure S2
in Supporting Information S1). At site GC02, the TOC content and its down-core variations were the most useful
parameter for comparison. Approximately the top 12 cm of the gravity core appeared to have been lost in this case
(Figure S2 in Supporting Information S1).

At site GCO02, there are down-core age reversals at depths of 17 cm, 91 cm, 111-121 cm, and 171-201 cm
(Figure 2, Table S1 in Supporting Information S1). Together with the relatively old C ages, these reversals
indicate variable and relatively large contributions from reworked fossil organic carbon in the core layer deeper
than 100 cm (cf. Hillenbrand et al., 2010; Smith et al., 2011); therefore, we consider the '“C ages of this deeper
layer as unreliable. In comparison, the '*C ages in the top layer down to 82 cm increase nearly continuously with
an increase in the core depth and lack major age reversals (only one reversal is observed). Thus, we believe that
the '“C ages in the top 82 cm layer are reliable. Age reversals were also observed at 6.5-10.5 and 121 cm of core
GCOLl.

3.2. Reconstruction of Depositional Environment

We focus the following discussion of the changes in the sedimentation environments in the AP area inferred from
proxies analyzed on core GC02, and then compare them to those at site GCO1. We spliced the box core data with
the data from the gravity cores but we refer to the gravity core depth scale below only in order to avoid confusion.

3.2.1. Temporal Variation in Sedimentation in the AP Region (GC02)

The most conspicuous changes were the sudden up-core decrease in the content of coarse sediment (grain size),
the magnetic susceptibility, and the C/N ratio, and the sudden increase in the water content. Based mainly on the
grain size distribution, magnetic susceptibility, and water content, sediment core GC02 is divided into three units
(Figures 2, 3 and Figure S1 in Supporting Information S1).

Unit I: Sub-Glacial to Grounding-Line Proximal Sub-Ice Shelf Deposition

Unit I from the core base at a depth of 214-100 cm is sandy, gravelly mud with ~40 wt.% of gravel and sand.
Unit I is laminated throughout, but there is one burrow at a depth of ~110 cm (Figure S1 in Supporting Infor-
mation S1). High and highly variable MS values reflect the coarse sediment grain sizes (e.g., Kim et al., 2022;
Leventer et al., 1996). The water content is lowest in Unit I (mean = 25%), indicates that the sediment is under
the pressure. High C/N ratios with considerable variation (mean = 21 + 4) indicate that the organic matter
was predominantly terrestrial in origin, while the CaCO, contents (~0.66%) reflect the presence of either very
fine-grained, reworked, fossil biogenic debris or detrital carbonate (Figure 2). Diatom valves were virtually
absent in this unit, indicating insignificant plankton productivity during its deposition (Figure S3 and Table S2
in Supporting Information S1). We propose that Unit I was deposited in a sub-glacial/grounding-line proximal
sub-ice shelf condition.

Unit I1: Grounding-Line Distal Sub-Ice Shelf or Permanent Sea-Ice Deposition

Overlying Unit II (100-82 cm) is stratified and slightly bioturbated sandy, silty clay with ~18 wt.% sand and
little gravel. The TOC content in Unit II increased from 0.1% to 0.4%, and the C/N ratio decreased from ~30
to 11 up-core, suggesting that Unit II is concomitant with the onset of significant marine PP and the deposition
of fresh marine organic matter (Figure 2). However, diatom valve abundance as a proxy for in situ PP was very
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observed for some modern Antarctic ice shelves (e.g., Riddle et al., 2007;
Smith et al., 2019). The Ba/Al ratio, a proxy for palacoproductivity (e.g.,
Hillenbrand et al., 2017), is also low (~0.008) in Unit II (Figure 3). We
propose that Unit II was deposited in a distal sub-ice shelf or permanent
sea-ice condition (Figures 2 and 3).
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Y \””JO.O gravel. The silt content is fairly constant (19 + 3%) in all three units. The clay
content is highest in Unit III. MS values are lowest, reflecting low amounts of
terrigenous components (e.g., Kim et al., 2022; Leventer et al., 1996). The water
content was highest in Unit III (mean = 54%). The boundary of Units IT and
IIT has an age of ~10.5 cal. ka BP, which is consistent with Larter et al. (2014),
indicating that in the ASE, the grounding line of the West Antarctic Ice Sheet
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Figure 4. Downcore changes in air temperature (°C) recorded in the West
Antarctic Ice Sheet Divide ice core (Cuffey et al., 2016), TOC content (%),
total diatom valve abundance, and the sum of F. curta and E. antarctica var.
recta abundances in core GC02. The shadings denote cold (blue) and warm

recovered from the same site (Figures 2 and 4). Diatom valve abundance
was increased by more than two orders of magnitude at the boundary
between Units II and II (from 0.02 x 107 to 1.37 x 107 v g~!; Figure 3).
Glacial-ice associated Eucampia antarctica var. recta and sea-ice associ-

Eucampia antarctica var. recta

ated Fragilariopsis curta were dominant throughout Unit III (Figure S3 in
Supporting Information S1). Also, the sea-ice taxon F. curta dominated an
open-water taxon, Fragilariopsis kerguelensis, throughout Unit III. C/N

(red) climatic events in the Antarctic realm; Holocene Climate Optimum ratios (mean = 10 + 1) were characteristic for marine organic matter, indi-
(Sproson et al., 2022), cold event (Bjorck et al., 1996; Yoon et al., 2000), and cating that in situ PP was the main source of organic matter (Figure 2). We

Little Ice Age (Bertler et al., 2011).

propose that Unit IIT was deposited in an open (seasonally) marine environ-
ment (Figures 2 and 3).

3.2.2. Temporal Variation in Sedimentation in a Heavily Sea-Ice-Covered Region (GC01)

The 141-cm-long core GCO1 from the outer shelf showed lithological units different from those in core GC02
(Figure 2). GCO1 includes layers only comparable to Units II and III. Unit I, which is observed in GC02, was
not recovered in GCO1 based on the grain size distribution and the MS (Figure 2 and Figure S1 in Supporting
Information S1).

Unit I1: Deposition Under a Thick Sea-Ice Cover

The whole core below 10 cm has characteristics similar to those of Unit II of core GC02. The deposition of
Unit II likely started at 20-18 cal. ka BP at site GCO1 (Figure 2, Table S1 in Supporting Information S1). The
water content increased from 17% to 43%, suggesting that GC02 emerged from under the ice shelf at this time
(Figure 3). Overall, the grain size and MS values gradually decreased up-core. The C/N ratio was between 10 and
22, whereas there are some fluctuations within the unit. The ratio of Br/Ti, a proxy for marine organic carbon
productivity, jumped at 10-16 cal. ka BP (Figure 2). However, the TOC content is similar (~0.2%) throughout
Unit II, suggesting that marine PP started, but its intensity (or at least the, deposition of organic carbon) was
weak. Thus, site GCO1 was likely covered with thick sea-ice during deposition in Unit II.

Figure 3. Vertical distributions of the Zr/Al ratio as a proxy for the contents of coarse grains and heavy minerals, the linear sedimentation rate (cm kyr~!), Br/Ti, Ba/
Al, brassicasterol/OC, and the total diatom valve abundances in cores GCO1 and GC02. New and previous results of the box core at site GC02 (Kim et al., 2016) are also
presented. The blue and yellow square symbols of the Zr/Al and Ba/Al columns in core GC02 indicate values obtained from the boxcore samples. Calibrated '“C ages

of bulk organic matter (in cal. yrs BP) are shown on the right y-axis. The red lines indicate the boundary of Unit II and III while the gray lines indicate each boundary of
the subunits of Unit III and the gravity core surface.
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Unit I11: Seasonal Open Marine Environment Under a Thin Sea-Ice Cover

The sand content was sharply decreased, and water content was increased to ~43 wt.% at the boundary between
Unit I and III. Only the top 10 cm layer has characteristics similar to those of Unit III in GC02. The deposition of
Unit III started around 6.0 cal. ka BP. The water, TOC and CaCO; contents gradually increased up-core to values
similar to those in the surface sediments of the box core recovered from the same site (Figure 2). Thus, the sea-ice
cover presently observed in this region was likely established as late as 6.0 cal. ka BP.

3.2.3. Comparison of Sedimentation Between the AP and the Outer ASE Shelf

Since the onset of the seasonal open marine conditions, ~10 cm of sediment was deposited at site GCO1 and
~94 cm was deposited at site GC02. Despite the uncertainty in the age determination of the onset of the Unit
IIT deposition at site GCO1, the difference in the linear sedimentation rate (LSR) is clear between GCO1 and
GCO02. The low LSR at site GCO1 on the outer shelf could have been caused by sediment winnowing by the
bottom currents and/or iceberg scouring (Hillenbrand et al., 2012; Smith et al., 2011). However, iceberg scours
were not observed in multibeam bathymetric data collected at the studied site during the aforementioned cruise
(Kim, 2012; cf. Graham et al., 2009). Also, current speeds measured within the water column at depths between
400 and 500 m were higher on the inner shelf than on the middle and outer shelf (Kim et al., 2019).

Sedimentation of biogenic material on the seasonally open marine shelf in the western ASE is likely to reflect
biological production in the surface waters. The presence of CaCO, in Unit III of GCOl contrasts with the
absence of CaCO, in Unit III of core GCO02 (Figure 2 and Figure S1 in Supporting Information S1). This pattern
is consistent with modern observations of sinking particles collected in sediment traps (Kim et al., 2015, 2019)
and may be due to the planktic foraminifer Neogloboquadrina pachyderma sinistral. This species dominates
planktic foraminifera assemblages south of the Antarctic Polar Front (e.g., Donner & Wefer, 1994) and is adapted
to the sea-ice habitat (e.g., Dieckmann et al., 1991; Thomas et al., 1998). The TOC accumulation rate was 0.15
gCm~2yr~' at GCO1 and 0.97 gC m~2 yr~! at GCO2. Therefore, different modes in marine biological productivity
resulting from differences in the sea-ice cover inside and outside of the AP have apparently persisted since the
post-LGM retreat of the Dotson-Getz palaeo-ice stream from the shelf.

The inferred onset of seasonally open-marine conditions near the modern coastline is consistent with that in
previous studies (Hillenbrand et al., 2010; Lamping et al., 2020; Smith et al., 2011). However, we observed a time
transgressive, northward progression of this onset from the earliest until the middle of the Holocene. This can be
explained by an early establishment of the AP that allowed primary productivity to develop on the inner shelf. In
contrast, dense sea-ice cover persisted on the middle to outer shelf for several thousand years longer, thus delay-
ing the initiation of significant plankton productivity. Also, the present-day annual sea-ice concentration in the
western ASE decreases from the outer to the inner shelf (e.g., Macdonald et al., 2023; Stammerjohn et al., 2015).

3.3. Variation in the Biogeochemical Properties and the Potential Linkage to Climate Variability in the
Holocene

Based mainly on the variations of the TOC content and diatom species and abundances, we divide Unit III of
GCO02 into three subunits: Subunit III-1 from 82 to 60 cm (from ca. 10.5 to ca. 9.2 cal. ka BP; earliest Holocene),
Subunit ITI-2 from 60 to 25 cm (from ca. 9.2 to ca. 5.2 cal. ka BP; early middle Holocene), and Subunit III-3 from
25 cm to the sediment surface (from ca. 5.2 cal. ka BP; middle-late Holocene) (Figures 3 and 4).

The onset of the TOC increase and diatom production marking the base of Subunit III-1 coincided with the end of
a phase of rapid increases at ~10.5 cal. ka BP in the Antarctic air temperature recorded in the West Antarctic Ice
Sheet (WAIS) Divide ice core (WDC) (Figure 4 and Figure S3 in Supporting Information S1; Cuffey et al., 2016;
Jones et al., 2023; Olafur et al., 2003; data obtained from http://www.usap-dc.org/view/dataset/600377). The
TOC contents (%) increased gradually from <0.3% to ~1% (Figure 4). Total diatom valve abundance increased
sharply at the base of Subunit III-1 (Figures 3 and 4), which typifies the onset of seasonally open-marine condi-
tions after the retreat of the ice shelf front (e.g., Domack et al., 2005; McKay et al., 2008). The diatom assem-
blage was composed mainly of F. curta, E. antarctica var. recta, and Fragilariopsis obliquecostata (Figure S3 in
Supporting Information S1) and thus documents a strong sea-ice influence (e.g., Armand et al., 2005; Esper &
Gersonde, 2014; Fryxell, 1991). We propose that Subunit III-1 represents a transitional stage toward a condition
favorable for phytoplankton production during the earliest Holocene. The concomitant changes in the Ba/Al and
Br/Ti ratios, which increased sharply from ~0.1 to ~0.4 at the base of the subunit, are consistent with an increase
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in phytoplankton production during the earliest Holocene (Figure 3). The
ratio of brassicasterol, as an indicator of diatoms and other primary producers
(Volkman, 1986), to organic carbon (brassicasterol/OC) started to increase
with the deposition of Subunit III-1 (Figure 3). Brassicasterol abundances
were very low in both Unit I and Unit II (Figure 4).

Subunits ITI-2 and III-3 have relatively high and stable TOC contents (0.8%
on average) compared to the gradual increase in Subunit III-1, suggesting that
high biological productivity at site GC02 has persisted since ca. 9.2 cal. ka
BP (Figure 3). This middle/late Holocene period includes climate variations
such as the Holocene Climate Optimum and cold periods observed around
Antarctica. Based on beryllium isotope, Sproson et al. (2022) reported that
the ASE suffered melting and retreat of glaciers between 9 and 6 ka BP forced
by atmospheric circulation changes over continental West Antarctica. This
period coincides with the climate optimum between 7 and 5 ka BP observed
from the eleven ice core records around Antarctica (Masson et al., 2000).
The diatom valve abundance increased slightly during this period (Figure 4).

In the middle Holocene, glacial and ice shelf readvances have been
reported for several regions in the Antarctic (Ashley et al., 2021; Domack
et al., 2001; Yoon et al., 2000). Yoon et al. (2000) reported cold waters
and extensive sea-ice cover between 6.2 and 4 ka BP from King George
Island. In the Antarctic Peninsula region, Bjorck et al. (1996) presented
a paleoclimatic synthesis of the Holocene and at climate transition from
relatively mild and humid condition to cold and arid conditions at ~5 ka
BP. This period with cold events corresponds to the early part of subunit
III-3, when the TOC content was in a dip. The end of the cold event corre-
sponds to the timing of the increased size (efficiency) of polynyas in the
Ross Sea (~3.6 cal. ka BP; Mezgec et al., 2017). After the minimum value
in the cold event, the TOC content gradually increased upcore in the AP
(Figure 4).

During the LIA, cold sea surface temperatures, increased sea-ice extent,
and strong katabatic winds around Antarctica have been suggested (Bertler
et al., 2011; Rhodes et al., 2012). The TOC content of GC02 continued to
increase during the LIA. The estimated LSR was highest (12.7 cm/kyr;
Figure 3), possibly due to the enhanced PP. In the meantime, the diatom valve
abundance decreased since ~0.8 ka BP, implying a shift in the phytoplankton
species in the AP. At present, Phaeocystis antarctica is the dominant primary
producer in terms of biomass in the central AP while diatoms are dominant in
the shelf regions outside the AP (Yang et al., 2016). Considering the present

plankton community, it is suspected that the plankton community in the AP
was similar to that at present in this time period.

Figure 5. Schematic illustration of the environmental conditions in the
western ASE. The phases were divided based on the ice conditions above sites
GCO01 and GCO2 inferred from our multi-proxy analyses.

3.4. Temporal Evolution of the Ice Shelf and Sea-Ice-Cover in the
Western ASE

Larter et al. (2014) reconstructed the extent of the grounded WAIS (West

Antarctic Ice Sheet) on the ASE and Bellingshausen Sea shelves since 25 cal.
ka BP at 5 ka intervals. During the LGM, the grounding line was close to the continental shelf break and the ice
sheet retreated landward at 2015 cal. ka BP. Thus, site GCO1 on the outer shelf emerged from a sub-ice shelf
position by ~15 cal. ka BP (Fig. 12 in Larter et al., 2014). Gradual ice thinning in the hinterland of the ASE since
14.5 cal. ka BP was also reported by Johnson et al. (2008). From 15 to 10 cal. ka BP, the majority of the ASE shelf
was free of grounded ice and the WAIS grounding line had retreated onto the inner shelf (Larter et al., 2014).
The grounding line had retreated close to its modern position before 10 cal. ka BP (Fig. 13 in Larter et al., 2014).
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Thus, site GCO2 was probably located in seasonal open water by this time, corresponding to the start of the depo-
sition of Unit II (10.5 cal. ka BP).

Based on the reconstruction from Larter et al. (2014) and our “C dates from cores GCO1 and GC02, we propose
the following environmental changes in the ASE (Figure 5). At ~15 cal. ka BP, GC0O1 became free of grounded
ice while GCO02 was still located below the ice sheet (Figure 5a). Unfortunately, reliable dating of the older lith-
ological Units I and II in our cores, with Unit II having been deposited in a glacimarine setting, was not possible
due to the apparent high and highly variable contributions of reworked fossil organic carbon influencing the
bulk organic matter '*C dates. Therefore, we adopt the age for the boundary between Units I-II from Larter
et al. (2014) (Figures 5a and 5b). The ice sheet and grounding line continued to retreat from 15 to 10.5 cal. ka
BP (Figure 5b), and site GC02 was situated in seasonal open water at ~10.5 cal. ka BP (Figure 5c). At this time,
GCO01 was covered by thick sea-ice. From ~9.2 cal. ka BP, seasonal open marine conditions started in the AP
(Unit III-2), allowing significant biological production. The outer shelf site GCO1 was still covered by thick sea
ice (Figure 5d). Environmental conditions similar to those at the present started at ~6.0 cal. ka BP: Site GC02
was then located in the highly productive AP (Figure 5e).

4. Conclusion

We have examined sedimentological and palaeoproductivity proxies in two gravity cores obtained from settings
with different surface water conditions and sea-ice cover characteristics in the western ASE. The sediment record
from the central AP reflects a transition from a sub-glacial/proximal grounding-line sub-ice shelf to a distal
sub-ice shelf, and finally to seasonally open marine conditions. We suggest that polynya-like conditions favoring
high biological productivity were established subsequent to ice shelf retreat and appear to have persisted since
~9.2 cal. ka BP in the central AP based on several productivity proxies. We additionally propose that (a) the
biological productivity in the AP was similar to that currently during the time interval from ~9.2 cal. ka BP, and
(b) the condition of the sea-ice-covered outer shelf similar to the present started at ~6.0 cal. ka BP. On the western
ASE shelf biological productivity, also expressed by variations in the composition of the plankton community,
appears to have changed with the climate variations recorded in the Antarctic. Our results show that the contrast-
ing evolution of environmental conditions and the resulting sediment deposition in the AP and on the outer shelf
of the ASE have persisted throughout the late Holocene.

Data Availability Statement

All data used for this manuscript are available at the National Oceanic and Atmospheric Administra-
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