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ABSTRACT

Accelerating ocean-driven basal melting of Antarctic ice shelves in recent decades has implications for sea level
rise and global overturning circulation. Here, we reconstruct oceanographic conditions at the confluence of the
Ross Sea and the Southern Ocean by analyzing a multi-proxy Holocene marine sedimentary record collected from
Robertson Bay. A ramped pyrolysis oxidation radiocarbon age-depth model provides a timeline for glacial
behavior and oceanographic changes over the last 6700 years. The diatom assemblage, magnetic susceptibility,
grain size, total organic carbon and nitrogen, trace elements, and bulk 5'3C are used as proxies for changing
ocean and glacial conditions, which we interpret in the context of modern oceanographic measurements.

Our record shows evidence of persistent ice cover in the northwestern Ross Sea during the Antarctic mid-
Holocene climate optimum (ca. 5 cal kyr BP). Based on this observation, we suggest that meltwater and
iceberg discharge associated with ice sheet retreat in the Ross Sea region altered local oceanography during the
mid-Holocene. The onset of modern style oceanographic conditions in Robertson Bay occurred at ca. 4 cal kyr BP.
Stable late Holocene conditions in are punctuated by a period of enhanced polynya activity and upwelling of
nutrient rich Circumpolar Deep Water ca. 0.8 cal kyr BP and an increase in the seasonal duration of sea ice after
0.7 cal kyr BP, during the Little Ice Age. The response of the marine environment in Robertson Bay to mid-
Holocene ice sheet retreat and natural climate variability during the last millennium underscores the sensi-
tivity of the Antarctic ice-ocean interface to projected changes in coming decades.

1. Introduction

Water (CDW) onto the continental shelf drives basal melt of the outlet
glaciers at the northern margins of the East and West Antarctica ice

Ice-ocean interactions play a key role in governing the stability of sheets in response to a poleward contraction of the Southern Hemi-
Antarctic ice sheets at their marine margins (Pritchard et al., 2012). sphere Westerly Winds (Rignot et al., 2019; Spence et al., 2014). A
Today, the incursion of relatively warm (>0 °C) Circumpolar Deep number of observational and modeling studies show that meltwater
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discharge may further warm subsurface waters on the continental shelf,
initiating a positive feedback with consequences for both the future
stability of the ice sheet and ocean overturning circulation (Bronselaer
et al., 2018; Li et al., 2023; Miles et al., 2016; Silvano et al., 2018).
However, our understanding of how changes in global mean climate
state will affect the interplay between CDW upwelling and ice sheet
stability is limited by sparse observations, present modeling capability,
and the short duration of the instrumental period. The current genera-
tion of coupled global climate models are too coarse (i.e., approximately
1°) to capture the fine-scale processes such as local bathymetry, eddies,
and polynyas that drive large regional differences in water mass circu-
lation on the Antarctic continental shelf (Thompson et al., 2018).
Further, the ~40 yr observational period routinely used to develop and
evaluate predictive models is not long enough to characterize oceano-
graphic variability on multi-centennial timescales (Jones et al., 2016;
Thompson et al., 2018).

Paleoceanographic reconstructions from the Holocene (11,500 years
ago to present) extend modern instrumental datasets and provide a
unique opportunity to investigate the processes and feedbacks that drive
the Antarctic ice-ocean system on multi-centennial to millennial time-
scales and during past intervals of ice sheet retreat. The Holocene was a
dynamic period in the Antarctic. The East and West Antarctic ice sheets
underwent rapid periods of retreat in the Ross Embayment, the conti-
nent’s largest ice drainage basin, between 8 and 3.5 cal kyr BP (Hal-
berstadt et al., 2016; Jones et al., 2020; McKay et al., 2016; Rhee et al.,
2020; Siegert et al., 2019; Spector et al., 2017). Recent work shows that
retreat was followed by a period of readvance and the ice sheets reached
their modern configurations during the late Holocene (Neuhaus et al.,
2021; Venturelli et al., 2020). Evidence of readvance is consistent with
marine sediment cores, which record a baseline shift from a stable
mid-Holocene climate optimum to a cooler, more variable, “Neoglacial”
between 4.5 and 3 cal kyr BP (Ashley et al., 2021; Crosta et al., 2007;
Denis et al., 2010; Domack et al., 2001; Johnson et al., 2021; Kim et al.,
2018; Leventer et al., 1996; Peck et al., 2015). After the ice sheets sta-
bilized, marine sediment and ice core records record multi-centennial
variability in coastal sea ice, Antarctic Bottom Water (AABW) produc-
tion, and CDW upwelling (Mezgec et al., 2017; Shevenell et al., 2011;
Tesi et al., 2020; Xu et al., 2021).

The past two thousand years provides the most recent pre-industrial
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examples of climate changes in the Antarctic. Fluctuations in tempera-
ture and wind patterns associated with the Medieval Climate Anomaly
(MCA, ~950 to 750 cal yr BP) and Little Ice Age (LIA, ~500-100 cal yr
BP) intervals are documented in Antarctic ice and marine sediment cores
and reproduced by paleoclimate model simulations (Bertler et al., 2011;
Domack et al., 2001; Liining et al., 2019; Truax et al., 2022). Paleo-
climate reconstructions indicate a dipole pattern of temperature change
in Antarctica between the MCA and LIA: cooling over most of mainland
Antarctica and a warming trend along the eastern Antarctic Peninsula
and in the eastern Ross Sea (Bertler et al., 2018; Liining et al., 2019;
Mulvaney et al., 2012). El Nino Southern Oscillation (ENSO) and the
Southern Annular Mode (SAM) both drive dipoles in Antarctic temper-
atures and sea ice dynamics (Stammerjohn et al., 2008; Yuan, 2004).
Previous research has suggested that multi-centennial trends in these
modes of variability are a dominant control on climate in Antarctica
during the MCA and LIA (Bertler et al., 2018; Koffman et al., 2023;
Liining et al., 2019). However, the relative influence of late Holocene
orbital trends, mean-state changes in modes of climate variability (SAM
and ENSO), and ice sheet discharge on late Holocene Antarctic ocean-
ography are not yet well understood.

Here, we present a new reconstruction of primary productivity,
glacial conditions, water mass circulation, and the seasonal duration of
sea ice from a marine sediment core collected from Robertson Bay, a 40
km long north-south trending embayment located west of Cape Adare in
the westernmost region of the Ross Sea (Fig. 1). Situated at the inter-
section between the Ross Embayment and the Southern Ocean, the Cape
Adare region is influenced by processes occurring both along the con-
tinental margin and in the interior of the Ross Sea (Bowen et al., 2021).
East of Cape Adare, cold, salty, High Salinity Shelf Water produced in
Ross Sea polynyas mixes with fresher Antarctic Surface Water (AASW)
and warmer upwelling-modified Circumpolar Deep Water (mCDW) to
form Antarctic Bottom Water (AABW). Paleoclimate records from the
western Ross Sea region are well placed to study the interplay between
CDW upwelling, polynya processes, and sea ice dynamics through the
Holocene (e.g. Mezgec et al., 2017; Tesi et al., 2020; Xu et al., 2021).

We examine mid-to-late Holocene paleoceanographic variability at
the confluence of the Ross Sea and the Southern Ocean by analyzing a
6700 year multi-proxy record from Robertson Bay in the context of
modern instrumental data. Our Robertson Bay record presents a unique
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Fig. 1. Maps of a) the Ross Sea continental shelf highlighting major circulation features including Antarctic Surface Water, AASW (light blue); Circumpolar Deep
Water, CDW (red); Modified Circumpolar Deep Water, mCDW (pink); Antarctic Bottom Water, AABW (dark blue), High Salinity Shelf Water (HSSW); and Ice Shelf
Water (ISW). Grey line indicates the easterly flow of the Antarctic Slope Current (ASC). Dashed box shows the location of Robertson Bay with specific features
highlighted in b) including the location of the RS15-GC57 core site (yellow), the location of the CTD cast (orange), and the shallow and deep moorings (red).
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opportunity to reconstruct the impact of mid-Holocene ice sheet retreat
(Halberstadt et al., 2016; Jones et al., 2020; Siegert et al., 2019; Spector
et al., 2017) on a downstream region of the East Antarctic margin and
assess the impact of orbital trends and large-scale modes of atmospheric
variability (i.e. the Southern Annular Mode and El Nino-Southern
Oscillation) on late Holocene sea ice dynamics and water mass
exchange.

2. Materials and methods
2.1. Instrumental data

A salinity and temperature profile (CTD cast) was collected from
Robertson Bay in early November of 2015 through a borehole in the sea
ice (71°32.2672'S 170 °03.5386'FE) (Fig. 1; Fig. 2). Salinity and tem-
perature of the water column were measured to a depth of 470 m using a
Sea-Bird SBE 19 CTD with a Sea-Bird SBE 43 dissolved oxygen sensor
and a Wetlabs Wetstar WS3S fluorometer on the downcast. Two Sea-Bird
SBE 37-SMP-ODO CTDs mounted on hydrographic moorings were
deployed in the interior of the Bay at depths of 45 m, 53 m, and 302 m
(“shallow” and “deep” respectively, Fig. 1) in January 2015 during
KOPRI cruise ANAO5B and recovered in January of 2017 (Fig. 3).
Salinity, potential temperature, and dissolved oxygen measurements
from the CTD cast are corrected using the mooring data (Supplementary
Data). A weather station measuring wind direction, wind speed, and air
temperature was also installed on the Cape Adare ridge and we present
one year of continuous measurement starting in November 2015.
Modern sea ice dynamics (2003-2022) were examined using satellite
data from Terra MODIS and Aqua MODIS and accessed via NASA
Worldview images (Fig. 3) (NASA Worldview; https://worldview.earth
data.nasa.gov/).

2.2. Sampling and subsampling

Gravity core RS15-GC57 was collected from Robertson Bay by the R/
V Araon during the ANAO5B Cruise in 2015 (71°32.27'S, 170°03.54E;
344 m water depth), recovering 570 cm of sediment. Shipboard obser-
vations indicate intact recovery of the core top. The core was split,
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imaged, X-rayed, and described at the Korea Polar Research Institute
(KOPRI) in August of 2015. U-channels were collected and sub-samples
for geochemical and quantitative diatom analysis were taken at 5 cm
increments to enable high-resolution paleoenvironmental reconstruc-
tion. All subsamples were frozen and freeze-dried before analysis.

2.3. Proxy analysis

Samples were homogenized using an agate mortar and pestle for
geochemical analysis. Biogenic silica (wt% BSi) was measured at the
University of Otago using an alkaline extraction spectrophotometric
method modified from Strickland and Parsons, 1972 and Mortlock and
Froelich (1989). Replicates were measured after every 10th sample, and
one blank and one internal standard were analyzed with every analytical
run. The average standard deviation of the 31 replicates is 0.25%.

Sample preparation for total organic carbon (TOC) and 53¢ analysis
of bulk decalcified sediment was completed at the University of Otago.
Thirty milligrams of sediment was weighed into silver capsules. The
sediment was acidified progressively with four additions of 6%
sulphurous acid (H2SO3) (40 ml x1; 60 pL x 2; 80 pL x 1) to remove
carbonate and analyzed using a Carlo Erba NA1500 Series 2 Elemental
Analyzer interfaced with a DeltaPlus isotope ratio mass spectrometer via
a ConFlo II interface at the Stanford University Stable Isotope Labora-
tory. The average standard deviation across 35 replicates is 0.20%o for
8'3C and 0.03% for TOC. Total nitrogen (TN) concentrations were
measured with an Organic Elemental Analyzer (FLASH, 2000 NC
Analyzer) at KOPRI. Volume-normalized magnetic susceptibility was
measured at 1 cm increments on a u-channel using a 30 mm Barrington
loop sensor (MS2C) on the University of Otago’s Geotek multi-sensor
core logger.

Grain size data were analyzed at 5 cm intervals at KOPRI on samples
treated with HyO, and HCI to remove organic matter and CaCOs,
respectively. Coarse fractions (>63 pm) were analyzed with a set of
sieves to determine the distribution of gravel to very fine sand grain
sizes. Grain size distribution of finer fractions (<63 pm) were analyzed
using a Micrometric Sedigraph IIT 5120. The grain size statistics follows
the methods of Folk and Ward (1957) and lithological classification
scheme follows that of McKay et al. (2019). Diatomaceous opal in the
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Fig. 2. Characteristics of water masses in Robertson Bay; a) vertical profile from the CTD cast taken in November of 2015 showing oxygen concentration (green),
potential temperature (0; purple), and salinity (blue); grey bars indicate the depths of the shallow and deep moorings, dashed line shows depth of the GC57 core site.
Colored boxes indicate warmer and fresher Antarctic Surface Waters (pale green), colder remnant Winter Water (orange), and warmer heavily modified Circumpolar
Deep Water present at depth (red); and b) Potential temperature (0) versus salinity from the CTD cast (November 2015) and moorings (February 2015 to February
2016). Dashed lines show lines of neutral density; colored boxes indicate water masses identified in the main text.
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Fig. 3. Synthesis of modern conditions in Robertson Bay; a) satellite photos of Robertson Bay sea ice dynamics in austral summer, autumn, and early winter of 2015
(NASA Worldview; https://worldview.earthdata.nasa.gov/); b) prevailing winds (January and February, March to April 15th, and April 15th through December) by
direction, strength (meters per second), and frequency along the Cape Adare Ridge in 2016 (see also Supplementary Data); ¢) oceanographic data from Sea-Bird SBE
37-SMP-ODO CTDs deployed on shallow (45 and 53 m) and deep (302) hydrographic moorings.

core is relatively low (8-15%; Section 3.3) compared to other Holocene
Antarctic sediments (e.g. 30-60%, Ashley et al., 2021), and therefore
biogenic opal will only represent a subordinate signal within the
grainsize distributions, with the greatest influence in the fine silt size
range (McKay et al., 2022; Warner and Domack, 2002). Bromine (Br),
titanium (Ti), magnesium (Mn), and iron (Fe) counts were measured on
split core using ITRAX XRF Core Scanner with Mo X-ray tube, 1-mm step

size, and 5-s exposure time at 30 kV and 30 mA at KOPRI.

Settled slides for quantitative diatom analysis were prepared at the
University of Otago using the method of Warnock and Scherer (2015).
Diatom census counts were carried out using an Olympus BX41 micro-
scope using a 63 x objective and 10x eyepiece; a minimum of 300 valves
per sample were counted to reach a statistically representative census.
Pennate diatoms and Eucampia antarctica were counted as "one half” for
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each apex or elevation identified, and the total count was divided by
two. Each centric valve was counted as ’one’ if the margin and central
area were present. The relative abundance of each diatom species was
determined as a percentage of total diatom valves counted for each
sample. Absolute diatom abundance was calculated following Warnock
and Scherer (2015).

Environmental inferences from proxy archives are made according to
the literature summarized in Table 1.

2.4. Statistical analysis

Principal components analysis (PCA), was carried out on proxy ar-
chives using the Scikit-learn Python module (Pedregosa et al., 2011).
Data were resampled to 5 cm binned averages prior to PCA analysis and
linear correlations between records were calculated using the pandas
Python module (Reback et al., 2020).

2.5. Age model

The age model of core RS15 — GC57 is based on accelerator mass
spectrometry (AMS) radiocarbon measurements from eight core depths.
Three horizons yielded sufficient carbonate from foraminifera and a
shell fragment for radiocarbon measurement and six horizons were
radiocarbon dated using the ramped pyrolysis oxidation (RPO) method
(Rosenheim et al., 2008). Radiocarbon preparation by RPO reduces
contamination from ancient detrital sources by exploiting the thermo-
chemical stability differences between the fresh autochthonous,
acid-insoluble organic (AIO) material and the diagenetically stabilized
allochthonous AIO material (Rosenheim et al., 2013b; Subt et al., 2016).
During RPO, a pretreated sediment sample is gradually heated at 5
°C/min up to 1000 °C under a stream of helium, pyrolyzing organic
material according to its thermochemical stability. The resultant volatile
compounds are oxidized to CO over Pt, Ni, and Cu wires with ultra-high
purity oxygen gas and fractions are cryogenically collected according to
the temperature at which the volatiles were evolved. The separation of
samples into several fractions (termed splits) for radiocarbon dating
produces a spectrum of ages. Generally, the least thermochemically
stable material, evolved at lowest pyrolysis temperature, is youngest,
while the most thermochemically stable material, evolved at highest
pyrolysis temperature, is oldest (Rosenheim et al., 2013b; Subt et al.,
2016).

Samples from four depths (0, 180, 455, and 560 cm) were pretreated
for RPO at the University of Otago following Rosenheim et al. (2008).
Samples were acidified for 24 h in 1N HCI to remove any carbonate
material present, dried at 60 °C, and stored in pre-combusted vials until
analysis. RPO and CO» fraction collection was performed at the College
of Marine Science, University of South Florida (USF), United States of
America. RPO pretreatment and CO; fraction collection were performed
on two additional samples (380 and 505 cm) at the Rafter Radiocarbon
Lab (RRL) AMS facility at GNS Science, New Zealand. These samples

Table 1

Quaternary Science Reviews 332 (2024) 108635

were acidified in 1N HCI for 18 h to remove any carbonate material
present, dried at 50 °C, and stored in pre-combusted vials until analysis.
RPO and CO;, fraction collection at RRL was carried out using protocols
adapted from Rosenheim Laboratory at the USF (Rosenheim et al.,
2013b; Ginnane et al., 2024). All radiocarbon measurements were per-
formed at the RRL AMS facility following standard graphitization and
AMS measurement protocols (Turnbull et al., 2015; Zondervan et al.,
2015), corrected for blank contamination by the procedures outlined in
Fernandez et al. (2014), and modified for the systems at USF and RRL
during the time of analysis (Supplementary Data).

3. Results
3.1. Modern environment

Robertson Bay is a protected embayment close to the shelf break at
the western confluence of the Ross Sea and the Southern Ocean (Fig. 1).
Outlet glaciers from the Transantarctic Mountains terminate into the
bay. Robertson Bay has a sill at approximately 200 m, and the inner bay
is divided into inner and outer basins.

A CTD cast taken through a hole in the sea ice in November 2015
provides a snapshot of the complex water column structure in Robertson
Bay (Fig. 2). From the surface, potential temperature (6) and oxygen
decrease and salinity increases. Oxygen concentration reaches a mini-
mum of 8.2 mg/L ca. 135 m and increases with depth. A colder water
mass (<-1.8 °C) between 50 and 300 m overlies warmer waters (>-1.8
°C), and the salinity gradient sustains water column stability.

Robertson Bay has typically been sea ice-free from mid-January to
mid-March during the satellite era (Fig. 3) (NASA Worldview; https://
worldview.earthdata.nasa.gov/). Surface waters in the embayment
warn, freshen, and become more oxygenated over the course of the
summer open water season. Sea ice advances from the north towards the
coast in late March, and pack ice is typically present in the bay by the
end of March. Sea ice coverage in the bay can change rapidly due to
wind. Strong southeasterly winds form a polynya at the head of Rob-
ertson Bay in April of most years (Fig. 3). Shallow (45 and 53 m) and
deep (302 m) moorings show that the cold, oxygenated water mass
formed by brine rejection broke down the salinity gradient in the
embayment in April of 2015, ventilating the inner basin (Fig. 3). The
water mass produced during wintertime convection in Robertson Bay in
2016 is close to the surface freezing point (~—1.8 °C) and fresher than
Dense Shelf Waters formed in the Ross Sea, which have a salinity of less
than 34.5 psp (Orsi and Wiederwohl, 2009). When polynya activity
ceased and fast ice conditions were established in early May 2015
warmer CDW upwelling along the East Antarctic margin intruded over
the sill (cf. Williams et al., 2010). This warmer, saltier, oxygen-depleted
water mass was modified by the colder, fresher, and more oxygenated
waters within the embayment (Fig. 3).

We synthesize our interpretation of the mooring, satellite data, and
CTD cast data to characterize three endmembers of Antarctic Surface

Summary of the relationships between sedimentary proxies and environmental conditions.

Proxy Proxy interpretation

Magnetic susceptibility (MS)

Weight percent biogenic silica (wt% BSi)
Total organic carbon (TOC)

Total nitrogen (TN)

Absolute diatom abundance (ADA)

The ratio of bromine to titanium (Br/Ti)
Grain size

The relative contribution of terrigenous input and siliceous diatom productivity (Brachfeld and Banerjee, 2000).
The relative contribution of terrigenous input and siliceous diatom productivity (DeMaster et al., 1996)
Primary productivity and/or anoxia (Domack and Ishman, 1993)

Primary productivity (e.g. Kim et al., 2018)

Siliceous diatom primary productivity (Leventer, 1992).

Primary production (Agnihotri et al., 2008; Ziegler et al., 2008).

The grainsize of fine sands and muds are a function of current strength and settling velocity (Johnson et al., 2021)

53¢ Biologic productivity and water mass circulation (Gibson et al., 1999; Villinski et al., 2000)

The ratio of Chaetoceros spp. to Chaetoceros resting spores (CRS)
The relative abundance of Fragilariopsis curta

Nutrient-rich, mixed, surface waters, mCDW influence (Beans et al., 2008; Leventer et al., 1996)
Persistent spring sea ice; sea ice melt-water stabilized upper water column (Cunningham and Leventer, 1998;

Leventer and Dunbar, 1996)

The ratio of manganese to iron (Mn/Fe)

Sediment redox conditions (high Mn/Fe ratios indicate oxic conditions) (Naecher et al., 2013)
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Water in Robertson Bay (Orsi and Wiederwohl, 2009). The upper water
column consists of warmer (>-1.8 °C) and fresher (<34.0 psp) surface
waters. This water mass warms throughout the summer season and
freshens due to melt from sea ice and East Antarctic outlet glaciers,
which terminate into the embayment (Fig. 1; Fig. 2; Fig. 3). Saltier
(>34.0 psp) and colder (<-1.8 °C) waters occupy mid-depths and are
likely a remnant of the water mass formed during autumn sea ice pro-
duction (cf. Silvano et al., 2017). This remnant winter water overlies a
warmer (>-1.8 °C) and saltier (>34.1 psp) water mass produced by
mixing between the cold oxygenated water mass produced within
Robertson Bay during autumn polynya activity and warmer, saltier
mCDW located off the continental shelf in the Cape Adare region
(Gordon et al., 2015).

3.2. Sedimentary chronology

The age model of core RS15-GC57 is based on AMS radiocarbon
dates for eight stratigraphic horizons (Table 2). In core RS15-GC57, the
ages of the second measured RPO CO; fraction (split 2, varying tem-
perature ranges but typically 300-350 °C) are younger than the first
measured fraction (split 1, typically up to ~300 °C) and exhibit age
differences between 130 and 810 *4C yrs (Table 2; Supplementary Data).
The second split is also found to trend slightly younger than the first split
in other diatom-rich Holocene sediment cores collected from the west-
ern Ross Sea (Ginnane et al., 2024; Parker, 2017). Younger radiocarbon
age trends in the second split imply that older, potentially translocated
or naturally degraded, labile material volatilized at low temperatures is
contaminating the lowest temperature split (Ginnane et al., 2024). This
behavior appears to be unique to Ross Sea sediments; generally, older
organic matter has been associated with higher temperature splits in
Antarctic margin sediments (Rosenheim et al., 2008, 2013b; Subt et al.,
2016, 2017; Venturelli et al., 2020) and elsewhere in the world (Bianchi
et al., 2015; Gaglioti et al., 2014; Rosenheim et al., 2013a; Rosenheim
and Galy, 2012; Schreiner et al., 2014; Vetter et al., 2017; Williams
et al.,, 2015; Zhang et al., 2017). The only other examples of older
samples volatilizing at lower temperatures using this method come from
sediment contaminated with petroleum from Miocene-aged source rock

Table 2
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(Adhikari et al., 2016; Pendergraft et al., 2013; Pendergraft and Rose-
nheim, 2014). The second RPO split at 180 cm (collected between 316
and 382 °C) is more consistent with the carbonate dates at 180 cm (2770
+ 65 and 2642 + 26 1*C yrs BP respectively; Supplementary Data) than
the first split, which contained carbon volatilized below 316 °C. Better
agreement between the second RPO split at 560 cm and a carbonate date
at 567 cm (7320 =+ 100 and 6914 + 152 1*C yrs respectively) provides
further indication that split 2 provides a more robust age constraint,
supporting the conclusion that a higher proportion of pre-aged organic
matter is volatilizing in the lowest temperature interval (Supplementary
Data).

The final age-depth model for core RS15-GC57 was built on eight
dated horizons (Fig. 4). Calibration of 14C dates to calendar years before
present (cal yr BP) was performed using the Bchron R package (Haslett
and Parnell, 2008) and the Marine20 calibration curve, which includes a
time-varying global reservoir age of ~600 years, R(t) (Heaton et al.,
2020). The core top RPO radiocarbon age of 1310 C year BP (1375
years before core collection 2015 CE) is adopted as the most robust es-
timate of the local ocean reservoir effect (AR) and any remaining
contamination by detrital carbon (DC) in RPO dates. We adopt an un-
certainty of 150 years to account for the error in the core top radio-
carbon date (65 years, Table 2) combined in quadrature with Holocene
reservoir variability in the Ross Sea region (+137 years, Gao et al., 2022;
Hall et al., 2010). We also adopt a global marine reservoir, R(t), of 603
years, the most recent available estimate from the Marine20 calibration
curve, which yields a total local radiocarbon correction (AR + DC) of
772 years (Heaton et al., 2020).

We employ a constant local radiocarbon correction with the caveat
that variable upwelling of mCDW in the northern Ross Sea during the
Holocene (e.g. Xu et al., 2021) likely drives substantial radiocarbon
reservoir variability because mCDW is depleted in *C relative to the
global marine radiocarbon reservoir (Heaton et al., 2020, Heaton et al.,
2023; King et al., 2018). Though precise calibrations that account for
polar AR variability are not yet available, future efforts to develop and
validate high latitude curves will be essential to constrain the timing of
Antarctic paleoceanographic change during the Holocene (Heaton et al.,
2023).

Dated horizons in core RS15-GC57. Dates included in the final calibrated age model highlighted in grey.

Room temperature is abbreviated to RT.

Depth Temp. RPO

Conventional Calibrated age range

Type of date . NZA # Radiocarbon Age (95% Cl, cal yr BP)
(cmbsf) range (°C) lab 10 .
(**Cyr BP) Min Max
0-1 RPO split 1 RT - 297 USF 62683 144080
RPO split 2 297-341 USF 62684 1310 £ 60 -71 49
180-181  RPO split 1 RT-316 USF 62685 3360+ 140
RPO split 2 316-382 USF 62686 277085
Carbonate
- 61835 2642 +26 824 1430
(shell fragment)
Carbonate
220-222 - - 61836 2885 *26 1771 1894
(shell fragment)
380-381 RPOsplit 2 300 - 380 RRL 72390 4012 +88 2416 3292
455-456  RPO split 1 RT -328 USF 62696 4910+ 120
RPO split 2 328-403 USF 62697 4650 + 110 3373 4884
505-506  RPO split 2 270-370 RRL 72389 5888 +44 4823 5518
560-561  RPO split 1 RT- 284 USF 62691 8130170
RPO split 2 284 -327 USF 62692 7320+ 100 5809 6733
Carbonate
(benthic and
567-568 ) - - 61894 6914 + 152 6169 7049
planktic

foraminifera)
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Fig. 4. Calibrated age model for core RS15-GC57. Median age—depth relationship is in black, with 95th percentile range shaded in blue. Calibrated radiocarbon dates
included in the age model are shown in grey. The date at 180 cm excluded from the final age-depth model is highlighted in red.

A local radiocarbon reservior age of 1375 + 150 years in Robertson
Bay is consistent with the Holocene radiocarbon reservoir age of
1000-1300 years in the Southwestern Ross Sea calculated from the
difference between U/Th and '*C in corals (Hall et al., 2010) and
measurements from other regions of the Antarctic margin (O Cofaigh
et al., 2014 and references therein). We adopt our locally calculated
radiocarbon offset (AR + DC) of 772 + 150 years to generate our age
model, noting that it is statistically indistinguishable from the weighted
average AR for the Ross Sea region 609 + 137 (Gao et al., 2021).
Agreement between the locally calculated reservoir off set for core GC57

and the regional average Ross Sea AR provides further evidence that the
core top was recovered intact and RPO mitigates contamination from
ancient detrital sources, which influence bulk radiocarbon dates from
coastal sediment cores in the Ross Sea (e.g. Mezgec et al., 2017; Tesi
et al., 2020).

3.3. Multi-proxy marine archive

Principal component analysis (PCA) was used to determine the
relationship between proxy indicators of primary production,

a Axis 1 (26% of variance) b Axis 1
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Fig. 5. Principal Component Analysis (PCA) results from Robertson Bay environmental proxies. Axis 1 is dominated by proxies for terrigenous versus biogenic
sedimentation, and axis 2 is dominated by proxies for sea ice, nutrient concentration, and polynya activity (see details in Table 4). a) Ordination bi-plot of variable
loadings for the first two axes of the PCA; b) stratigraphic plot of component scores for Axes 1 and 2.
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Table 3
Sedimentary facies descriptions and interpretations.
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Facies  Core Depth Lithology and Sedimentary features

(cmbsf)

X-radiograph

Interpretation

Mas; 0-403

TOC content (>0.5%)

SMy, 403-570

Pervasively bioturbated biosilica-bearing muds with dispersed
clasts (DO). Moderately high wt% biogenic silica (10-14%),

Laminated sandy mud, physically intermixed with bioturbated
mud containing dispersed clasts (Wt% biogenic silica <10%).
Deformed mm-scale fine sands to coarse silts laminae, that
commonly have sharp upper and lower contacts. Intermixing
characterised by discrete “blocks” of the differing lithologies,
with curvate, cross-cutting lower contacts.

Pelagic sedimentation with hemipelagic suspension settling (
Domack et al., 1999; Smith et al., 2019). Occasional ice rafted
debris. Diatom assemblage is consistent with seasonal fast ice
overlying the site, but with sea ice breakout in summer (this study;
section 3.1).

Hemipelagic suspension settling. Lower biogenic silica content
likely represents increase ice cover (perennial sea ice or small
cavity ice shelf) over site (reduced productivity) (Domack et al.,
1999; Hemer and Harris, 2003). Outsized clasts are present, but
rare - indicative of depostion beneath sea ice or a small cavity ice
shelf containing basal debris proximal to grounding line (Domack
et al., 1999; Hemer and Harris, 2003; McKay et al., 2008). Sorted,
fine sand/coarse silt laminae suggest presence of
moderately-strong bottom current to winnow/prevent suspension
settling of muds (Mckay et al., 2008; Smith et al., 2019; Johnson
et al., 2021). Intermixing is consistent with post-depositional
scouring/turbation by icebergs (Hillenbrand et al., 2014), or
glaciotectonic deformation in a proglacial setting (Evans and
Benn, 2014).

glaciomarine sedimentation, and ocean conditions in core RS15-GC57
(Fig. 5). The first two axes of the PCA account for 26% and 11% of
the variance in the proxy records respectively. Magnetic susceptibility
(MS), weight percent biogenic silica (wt% BSi), Br/Ti ratio, TN, and 53¢
are strongly correlated (R > + 0.57, Supplementary Data) in core RS15-
GC57 and dominate the variance captured by axis 1 of the PCA. Axis 2 of
the PCA reflects the inverse relationship between the relative abundance

MS (Sl x 1073)

of the diatom Fragilariopsis curta and both the ratio of vegetative frus-
tules of the diatom genus Chaetoceros to Chaetoceros resting spores (CRS)
and the Mn/Fe elemental ratio. Changes in the PCA were used to identify
four stratigraphic intervals: Unit 1 (0-105 cm), Unit 2 (105-215 cm),
Unit 3 (215-460) and Unit 4 (460-570) (Fig. 5). Two lithofacies are
identified in the core: pervasively bioturbated biosilica-bearing muds
(0-403 cm) and laminated sandy mud (403-570 cm) (Table 3).

PCA Axis 1
0 -
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Fig. 6. RS15-GC57 downcore profiles of proxies for terrigenous and biogenic sedimentation including grain size; magnetic susceptibility (MS; SI); bromine to ti-
tanium ratio (Br/Ti), weight percent biogenic silica (wt% BSi), absolute diatom abundance (ADA; valves per gram dry sediment), total organic carbon (TOC; %), total
nitrogen (TN; %), and axis 1 of the PCA, which is dominated by variance in these proxies (Fig. 5). Dashed lines show boundaries between units and subunits identified
based on the PCA with calibrated ages and uncertainties from the age-depth model.
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Fig. 7. RS15-GC57 downcore profiles of proxies for oceanographic and sea ice dynamics including stable isotopes of carbon (5'°C), manganese to iron ratio (Mn/Fe),
the relative abundances of F. curta, Chaetoceros spp., Chaetoceros resting spores (CRS), F. kerguelensis, and F. obliquecostata, and axis 2 of the PCA, which is dominated
by variance in F. curta, Chaetoceros spp., and CRS abundance and Mn/Fe ratio. Dashed lines show boundaries between units and subunits identified based on the PCA

with calibrated ages and uncertainties from the age-depth model.

The uppermost unit of core RS15-GC57, Unit 1 (0-105 cm), is
characterized by F. curta relative abundance greater than 50% and
lowest down core abundances of Fragilariopsis sublinearis (<5%) and
Thalassiosira antarctica (0-2%) (Fig. 6; Supplementary Data). The CRS
relative abundance, Br/Ti ratio, TOC, and ADA are higher in the upper
section of Unit 1, Unit 1a, and lower in Unit 1b and 1c (Fig. 7). Fragi-
lariopsis curta abundance is higher (>65%) in Unit 1b than Unit 1lc
(50%). 5'3C also shifts from more positive values in Unit 1b to more
negative values at the top of Unit 2.

The relative abundance of F. curta drops below 50% in Unit 2
(105-215 cm) and the diatom assemblage is further characterized by the
highest down core abundances of Fragilariopsis sublinearis (Fig. 7; Sup-
plementary Data). The upper section, Unit 2a, is distinguished from the
lower Unit 2b by a higher ratio of Chaetoceros spp. to CRS and the
highest Mn/Fe values measured in RS15-GC57. ADA, Br/Ti, TOC, TN,
and wt% BSi are lower in Unit 2b and 8!°C and MS are higher; this in-
verse relationship is captured by axis 1 of the PCA. Sedimentary accu-
mulation in Unit 2b lower (~1 mm/yr) than Unit 2a and Unit 1 (>1.5
mm/yr) (Supplementary Data).

Unit 3 (215-455 cm) is defined by a return to higher F. curta abun-
dance (>50%). Wt% BSi and Br/Ti shift toward higher values between
170 cm and 305 cm and are more variable between 305 cm and the base
of Unit 3, 455 cm. Although F. curta abundance is generally above 50%
throughout the unit, a transient interval of lower in F. curta relative
abundance (40%), lower wt% BSi, ADA, TOC, and Br/Ti, and elevated
MS and §'3C is evident ca. 380 cm. A transient increase in the relative
abundance of CRS is also evident at 380 cm (Fig. 7). The transition from
pervasively bioturbated diatom-bearing mud to laminated sandy mud
occurs within Unit 3 at 403 cm (Table 3); laminae are particularly
pronounced between 405 and 420 cm. A stepwise shift toward higher
Br/Ti, ADA, wt% BSi, and TOC and lower MS, sand abundance, and 8'3C
marks the boundary between Unit 3 and Unit 4 (460 cm). Average
sedimentary accumulation rate is higher (1.3 mm/yr) in the upper sec-
tion of Unit 3 and lower (<1 mm/yr) between 380 and 455 cm (Sup-
plementary Data). Higher abundance of Fragilariopsis kerguelensis

persists across the transition between Unit 3 and Unit 4 (Fig. 7).

Unit 4a (460-550 cm) is characterized by peak MS, sand abundance,
and 8'°C, and relatively low wt% BSi, ADA, TOC, Br/Ti ratio and
accumulation rate. Sand abundance, MS, and 5'3C trend towards lower
values between 460 cm and 570 cm while TOC, Br/Ti, and wt% BSi
increase. The diatom assemblage is characterized by low relative
abundance of F. curta and highest relative abundance of F. obliquecostata
(Fig. 7). Transient elevated wt% BSi and TOC values at 485 and 505 cm
correspond to lower MS and sand concentration. Unit 4a (460-550 cm)
is distinguished from Unit 4b (550-570 cm) by a trend towards a higher
proportion of fine sand, a more coarse-skewed grain size assemblage,
higher relative abundance of T. antarctica, reduced clay content, and
lower sedimentary accumulation (<0.5 mm/yr) (Supplementary Data).
Proxy values in Unit 4b resemble those in units 1, 2 and 3.

4. Discussion

Combining a multi-proxy marine sedimentary dataset with modern
observations allows us to characterize the Holocene paleoenvironmental
history of inner Robertson Bay from the mid-Holocene (6.7 cal kyr BP) to
the present (Table 4; Fig. 8; Fig. 9). Instrumental measurements and
satellite data provide a snapshot of modern Robertson Bay oceanog-
raphy (Fig. 2; Fig. 3), which serves as a basis for our interpretation of
past changes in primary productivity, sea ice dynamics, polynya activ-
ity, and mCDW intrusion within the embayment.

The most prominent feature in the reconstruction is a transition in
paleoenvironmental conditions during the mid-to late-Holocene after
4.0 cal kyr BP (3.5-4.7 cal kyr BP, 95% confidence interval). This shift is
most evident in proxy indicators for the relative contributions of
terrigenous sedimentation (MS) and primary production (wt% BSi, Br/Ti
ratio, 5'3C) which dominate the variance in axis 1 of the PCA (Table 1 ;
Fig. 5). Higher values of PCA axis 1 reflect a greater proportion of
terrigenous sedimentation whereas lower values indicate greater
biogenic flux. The sedimentary accumulation rate also increases from
<0.5 mm/yr to >1.0 mm/yr after 4.0 cal yr BP. Transitions ca. 1500 cal
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Table 4

Summary of the proxy characteristics and environmental interpretation for each unit.
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Unit Proxy characteristics and environmental interpretation
Little Ice Age Unit 1a 1 TOC — preservation of a modern core top
Unit 1b 1 1 F. curta — onset the modern sea ice cycle (9-11 months of sea ice cover)

<0.5 cal kyr BP

Unit 1c
0.7-01.5 cal kyr BP

1 83C and | Chaetoceros spp.: CRS ratio — stable, nutrient-limited, surface layer
1 F. curta — longer duration of sea ice

Early last millennium

Unit 2a
1.0-0.7 cal kyr BP

1 8'3C and t Chaetoceros spp.: CRS ratio — mixed, nutrient-rich, surface waters
1 Mn/Fe ratio — enhanced polynya activity
1 Sedimentary accumulation — deposition of biogenic and terrigenous sediment

Unit 2b
1.5-1 cal kyr BP

1 MS and sand — higher proportion of terrigenous sediment
|Wt% BSi, TOC, Br/TI, ADA — reduced primary productivity and export
|F. curta — shorter seasonal duration of sea ice

Neoglacial Unit 3 1 8'3C — nutrient rich, mixed, surface waters
4.0-1.5 cal kyr BP | MS and sand % — lower proportion of terrigenous sediment
1 Wt% BSi, TOC, Br/TI, ADA — primary productivity and export
1 F. curta — longer seasonal duration of sea ice
Mid-Holocene Unit 4a | PCA axis 1 — greater proportion of terrigenous sediment

6.2-4.0 cal kyr BP

| sedimentary accumulation — reduced primary productivity and export

1 8'3C — stratification and primary production within sea ice
1 F. obliquecostata — year-round sea ice cover
1 coarse skewed grainsize assemblage — winnowing of sediment by bottom currents

Unit 4b

6.7-6.2 cal kyr BP open marine conditions

Multi-proxy record (PCA axes 1 and 2, grain size assemblage) and individual proxies (e.g. wt% BSi) resemble Unit 3 — seasonally

yr BP and 700 cal yr BP are inferred from shifts in proxies for the sea-
sonal duration of sea ice (F. curta relative abundance) and water mass
circulation/stratification (Mn/Fe ratio, 613C, and Chaetoceros ratio)
captured by axis 2 of the PCA. High values of PCA axis 2 are associated
with sedimentary proxies for nutrient-rich, mixed surface waters and
lower abundance of the diatom F. curta, which thrives in melt-stratified
conditions at the sea ice edge in regions where seasonal sea-ice duration
averages 9-11 months a year (Armand et al., 2005).

4.1. Mid-Holocene [6.7-4.0 cal kyr BP; Unit 4]

We interpret low sediment accumulation (0.4 mm/yr) and proxy
indicators of low primary production (TOC, ADA, wt% BSi) during the
mid-Holocene as evidence for sedimentary deposition beneath multi-
year sea ice or a small ice shelf, particularly after 6.2 cal kyr BP
(Fig. 8) (Minzoni et al., 2015; Smith et al., 2019). Sorted, fine sand/-
coarse silt laminae with coarse-skewed grain size assemblages suggest
that moderately strong bottom currents winnowed the seabed or pre-
vented the suspension settling of muds (Supplementary Data; Table 3)
(Hemer and Harris, 2003). Highest down-core abundance of Fragilar-
iopsis obliquecostata, characteristic of regions covered year-round by sea
ice (Armand et al., 2005; Gersonde and Zielinski, 2000), provides
further evidence of ice-capped conditions within the embayment
(Fig. 7). Declining biogenic influence and sedimentation rate indicate an
increase in the spatial extent of perennial ice cover in inner Robertson
Bay between 6.2 cal kyr BP and 4.0 cal kyr BP. We interpret transient
increases in biogenic flux approaching late Holocene values as brief
recurrences of seasonally open marine conditions associated with ice
shelf retreat or the breakup of perennial sea ice.

Relatively higher 5'°C values (>-24 %o) from 6.2 to 4.0 cal kyr BP
also support the interpretation of either diatom growth within perennial
sea ice or increased influence from terrestrial organic matter within an
under-ice shelf depositional environment. Changes in the bulk §'3C of
marine sediment are the result of the interplay between biological
productivity, water mass circulation, and terrestrial sources. Primary
production enriches the dissolved inorganic carbon pool of surface wa-
ters in '3C because photosynthesis preferentially removes '2C during the
production of biomass, which therefore contains a greater proportion
12¢. Increased biological fractionation will increase the 8'3C of surface

10

waters if the carbon pool is not replenished (such as in a semi-stratified
sea ice environment) and primary producers record this signature
(Geilfus et al., 2015; Gibson et al., 1999; Henley et al., 2012; Tesi et al.,
2020). In Antarctic environments, 5!3C can be interpreted as a proxy for
total primary production because the fractionation effect of increased
primary production on 8'3C of surface waters is thought to dominate the
effects of oceanographic change (stratification) and species-specific
fractionation processes (Berg et al., 2013; Panizzo et al., 2014; Stoll
et al., 2017; Villinski et al., 2000). Furthermore, because diatoms thrive
in a stratified environment (Leventer and Dunbar, 1996), periods of high
primary productivity typically co-occur with increases in stratification,
such that both processes operate simultaneously to increase the §'3C of
surface waters. However, in Robertson Bay, 8'3C and indicators of pri-
mary production (wt% BSi, Br/Ti, TOC) are anticorrelated (r < —0.80, p
< 0.001) and positively correlated with proxies for the relative contri-
bution of terrigenous sediment (MS, sand percentage). This correlation
indicates that the combined influence of reduced biogenic flux under
nutrient limited, stratified surface conditions (such as within sea ice)
and an increase in the relative proportion of terrestrial organic matter
exerts primary control on bulk 813 (Fig. 6; Fig. 7; Supplementary Data).

The inferred northward expansion of persistent ice cover in Rob-
ertson Bay between 6.2 and 4.0 cal kyr BP coincides with the final phase
of glacial and ice sheet retreat in the Ross Embayment between 7 and
3.5 cal kyr BP (Ashley et al., 2021; Jones et al., 2020; Spector et al.,
2017) (Fig. 8). This period is also associated with freshened surface
waters, inhibited dense water formation, and the absence of CDW on the
continental shelf in other regions of the East Antarctic coastal margin
(Ashley et al., 2021; Crosta et al., 2018; Denis et al., 2009a; Kim et al.,
2012). Based on these observations, we propose that the influence of
Antarctic ice sheet in the Ross Embayment and glacial retreat in Rob-
ertson Bay during the mid-Holocene may have altered the local ocean-
ographic regime (Ashley et al., 2021), supporting the expansion of
multi-year sea ice cover or an expanded ice shelf during the
mid-Holocene Hypsithermal climate optimum (Allen et al., 2010; Christ
et al., 2015; Crosta et al., 2007; Kim et al., 2018; Leventer et al., 1996;
Minzoni et al., 2015; Panizzo et al., 2014; Peck et al., 2015; Pike et al.,
2009; Totten et al., 2022).
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Fig. 8. Millennial-scale Holocene variability. Top circles show dated horizons
in core RS15-GC57. Colored bars indicate the sedimentary units discussed in
text (Unit 1 = blue; Unit 2 = beige; Unit 3 = teal; Unit 4 = purple). Dashed line
indicates the Holocene average for the record. Inferred ice-capped conditions in
inner Robertson Bay highlighted by the shaded blue bar between 6200 and
4000 cal yr BP; (a) PCA axis 1 (this study); (b) 5°H C'® fatty acid with locally
weighted smoothing at Site U1357 in Adélie Land, East Antarctica (Ashley
et al., 2021); (c) mass accumulation rates of biogenic material at Site U1357 in
Adélie Land (Ashley et al., 2021); (d) relative abundance of F. curta from core
MDO03-2601 interpreted as a proxy for sea ice extent and duration in Adélie
Land (Crosta et al., 2008; age model adapted in Ashley et al., 2021); (e) F. curta
relative abundance from Robertson Bay (this study); (f) Relative abundance of
F. curta from core WRS_WB interpreted as a proxy for sea ice extent and
duration in the northwest Ross Sea (Mezgec et al., 2017). (g) insolation
anomaly from 2000 CE at 71°S for September, October, and November (SON)
and December, January, and Feburary (DJF) (Laskar et al., 2004). Dotted lines
show time period highlighted in Fig. 9.

4.2. Onset of the Neoglacial [ca. 4.0 cal kyr BP, Unit 3—4 transition]

A step-change in TOC, wt% BSi, and MS values and sedimentation
rate ca. 4.0 cal kyr BP is consistent with the establishment of seasonally
open marine conditions in Robertson Bay (Smith et al., 2019). After 4.0
cal kyr BP, 8'3C values of less than —24%o are within the range of
modern values for seasonally open marine conditions in Robertson Bay
and other regions of the Ross Sea (Villinski et al., 2000). Higher abun-
dances of F. kerguelensis, a diatom species associated with SSTs >1 °C
(Armand et al., 2005; Crosta et al., 2005) occur during the inferred
breakup of ice-covered conditions ca. 4.0 cal kyr BP, indicating that
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warmer ocean temperatures may have played a role in establishing open
water conditions within the inner basin of Robertson Bay.

The curvate and blocky nature of deformation in the laminated sandy
muds persists in core RS15-GC57 from the base of the core at 6.7 cal kyr
BP until ca. 3.2 cal kyr BP (2.7-3.7 cal kyr BP, 95% CI), consistent with
the ongoing influence of local ice-shelf breakup after open-water con-
ditions were established over the core site. In contrast, such deformation
is absent after 3.2 cal kyr BP, suggesting that deep-draft icebergs occu-
pied Robertson Bay after open marine conditions were established over
the core site ca. 4.0 cal kyr BP but were absent during the late Holocene.
Enhanced discharge of icebergs derived from thickened ice sheets that
were previously buttressed by an ice shelf or multi-year fast ice would be
anticipated following the collapse of the ice shelf (Wise et al., 2017).
Iceberg keel depth would also reduce after thinning of the inland ice
sheet had occurred, explaining a lack of scouring after 3.2 cal kyr BP.

Oceanographic feedbacks linked to the stabilization of the Antarctic
ice sheets in the Ross Embayment and outlet glaciers along the Victoria
Land coast provide a potential mechanism for the onset of seasonally
open marine conditions and higher rates of primary production in
Robertson Bay ca. 4.0 cal kyr BP (cf. Ashley et al., 2021). This transition
occurs against the backdrop of more gradual trends in seasonal insola-
tion (Fig. 8). Colder temperatures during summer and autumn linked to
changes in seasonal insolation south of 60°S may have also supported
more consolidated, multi-year sea ice or an expanded ice shelf in Rob-
ertson Bay during the mid-Holocene (cf. Crosta et al., 2018; Pike et al.,
2009). However, the inferred expansion of multi-year ice cover after 6.2
cal kyr BP and break-up ca. 4.0 cal kyr BP is inconsistent with a
monotonic trend in seasonal insolation during the late Holocene (Fig. 8).
Additionally, evidence of ice covered conditions in Robertson Bay is at
odds with marine records of an Antarctic mid-Holocene Hypsithermal
climatic optimum characterized by higher rates of primary productivity,
warmer conditions in spring and early summer, and a longer ice free
season along the Adélie land margin and the Antarctic Peninsula relative
to the late Holocene (Allen et al., 2010; Christ et al., 2015; Crosta et al.,
2007; Kim et al., 2018; Leventer et al., 1996; Minzoni et al., 2015;
Panizzo et al., 2014; Peck et al., 2015; Pike et al., 2009; Totten et al.,
2022). We invoke local influence and feedbacks relating to glacier and
ice sheet retreat and meltwater discharge as a mechanism to reconcile
our inference of persistent ice cover in Robertson Bay between 6.2 and
4.0 cal kyr BP and low sedimentation rates and other coastal western
Ross Sea sediment cores (Mezgec et al., 2017) with marine records of a
mid-Holocene climatic optimum in other regions.

Marine sediment cores from both the Antarctic Peninsula and East
Antarctic margin also show a base-line shift in coastal sea ice between
4.5 and 2.5 cal kyr BP, which characterizes the transition from the mid-
Holocene conditions to colder, more variable, late Holocene Neoglacial
conditions (Ashley et al., 2021; Domack et al., 2001; Johnson et al.,
2021; Peck et al., 2015; Totten et al., 2022). Following Ashley et al.
(2021), we emphasize the potential influence of regionally specific
ice-ocean feedbacks in driving this transition, which is characterized by
the inferred breakup of perennial ice cover in Robertson Bay and an
increase in the seasonal duration of sea ice in other regions of the Ant-
arctic margin (Crosta et al., 2007; Taylor et al., 2001; Totten et al.,
2022). The mid-to-late Holocene transition occurs ~1000 years earlier
in Antarctic marine records from the Ross Sea and Adélie Land (ca.
3.5-4.5 kyr BP) than the Antarctic Peninsula (ca. 2.5-3.5 kyr BP)
(Bentley et al., 2009; Johnson et al., 2021; Mezgec et al., 2017; Totten
et al., 2022). This discrepancy may be related to the timing of ice sheet
retreat and differing oceanographic regimes and ice-ocean feedbacks in
East and West Antarctica.

4.3. Late Holocene Neoglacial [4.0-1.5 cal kyr BP, Unit 3]
Following the establishment of open-marine conditions in Robertson

Bay ca. 4.0 kyr BP, the relative abundance of the diatom F. curta can be
used to infer changes in the seasonal duration of sea ice (Armand et al.,
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Fig. 9. Climate evolution during the late Holocene. Colored bars highlight the
sedimentary units discussed in text (Unit 1 = blue; Unit 2 = beige; Unit 3 =
teal). Dashed line shows Unit 2a and Unit 2b boundary. (a) PCA axis 1 (this
study); (b) PCA axis 2 (this study); (c) F. curta relative abundance (this study);
(d) F. curta relative abundance near Cape Hallet (Mezgec et al., 2017); (e)
F. curta relative abundance in Woods Bay (Mezgec et al., 2017); (f) Mn/Fe ratio
(this study); (g) Chaetoceros spp./CRS ratio (this study); (h) 8'3C in Robertson
Bay (this study); (i) Cd/P ratio in Terra Nova Bay, interpreted as increased
nutrient supply and CDW upwelling (Xu et al., 2021); (j) TEX-86 derived ocean
temperatures in the Palmer Deep, Antarctic Peninsula (Shevenell et al., 2011);
and (k) reconstructed summer (DJF) SAM Index with 30-yr loess smoothing
(dark grey), horizontal line shows average across the record (Datwyler
et al., 2018).
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2005). Higher abundances of F. curta in Robertson Bay and farther south
in Cape Hallett and Woods Bay (Mezgec et al., 2017) during the late
Holocene are characteristic of a similar-to-modern duration of the
summer open water season (1-3 months) and persistent sea ice melt-
water stratification in spring (Fig. 8). Fragilariopsis curta is seeded by
melting pack/fast ice and dominates the meltwater-stratified ice edge of
the Ross Sea during the austral spring and early summer (Cunningham
and Leventer, 1998). The relative abundance of F. curta in core
RS15-GC57 is negatively correlated with indicators of a more nutrient
rich, mixed surface layer (Chaetoceros ratio) and oxygenated conditions
in the deep basin of Robertson Bay (Mn/Fe), which we interpret as a
signature of enhanced polynya activity (Table 1; Fig. 5). This inverse
relationship, represented by axis 2 of the PCA, aligns with F. curta’s
preference for the spring sea ice meltwater-stratified environment,
which is sustained by northerly winds along the East Antarctic margin
(Campagne et al., 2016; Leventer and Dunbar, 1996). However, we also
note the significant influence of seasonality on these proxies; F. curta is
primarily associated with spring sea ice conditions, whereas open
polynya conditions in Robertson Bay occur in April (austral autumn)
during the satellite period (Fig. 3).

Fragilariopsis curta relative abundance is generally higher between
4.0 cal kyr BP and 1.5 cal kyr BP (40-50%). A transient decrease to 35%
is consistent with a short term (~500 year) reestablishment of multi-
year ice cover ca. 2.9 cal kyr BP (2.5-3.3 cal kyr BP, 95% CI) (Fig. 9).
This interpretation is supported by grainsize analysis, which is also more
characteristic of mid-Holocene conditions (Supplementary Data) and a
decline in biogenic sedimentation (Fig. 9). The spike in CRS relative
abundance following this interval may be associated with meltwater
stratification in the surface layer following perennial ice breakup (e.g.
Hillenbrand et al., 2010), possibly due to the influence of warmer ocean
temperatures.

4.4. Last millennium environmental variability [1.5-0.7 cal kyr BP, Unit
2]

Fluctuations in F. curta abundance and proxies for biogenic sedi-
mentation in Robertson Bay and along the Victoria Land margin indicate
shifts in sea ice dynamics and nutrient availability during the period
between 1.5 and 0.7 cal kyr BP (Mezgec et al., 2017). Lower F. curta
abundance in Robertson Bay (<40%) is characteristic of a reduction in
spring sea ice concentration and a longer summer open water season
(Armand et al., 2005). Reduced spring sea ice concentrations in Rob-
ertson Bay between 1.5 and 0.7 cal kyr BP is broadly consistent with
regional records from the Victoria Land coastal margin (Mezgec et al.,
2017; Tesi et al., 2020). A longer open-water season in the embayment
may have supported the expansion of the Cape Adare Adélie penguin
colony, which reached its maximum size ca. 1.2 cal kyr BP (Emslie et al.,
2018). Marine records located farther south along the Victoria Land
coast (Mezgec et al., 2017) and Adélie Land (Johnson et al., 2021), are
also consistent with a decrease in coastal sea ice after 1.5 cal kyr BP.
Proxies for biogenic sedimentation (axis 1 of the PCA) indicate reduced
primary production in Robertson Bay until 1.0 cal kyr BP despite a
longer ice free season (Table 4; Fig. 9), perhaps due to nutrient limita-
tion within the surface layer. A greater relative abundance of CRS
relative to Chaetoceros spp. supports the interpretation of reduced pri-
mary productivity under nutrient-limited conditions because Chaeto-
ceros spp. form resting spores under nutrient-depleted conditions
(Leventer et al., 1996).

Our interpretation of nutrient-limited conditions in Robertson Bay
during the period from 1.5 cal kyr BP to 1.0 cal kyr BP contrasts with
evidence of intensified upwelling of nutrient-rich mCDW and enhanced
productivity along both the East and West Antarctic margins (Fig. 7;
Fig. 8) (Johnson et al., 2021; Kim et al., 2012; Shevenell et al., 2011).
This offset may be an artifact of radiocarbon dating uncertainty, which is
greater than 300 years in the upper section of our reconstruction.
However, we also note that this discrepancy is consistent with the
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oceanographic regime along the Victoria Land coastal margin. In the
modern environment, brine rejection during sea ice production in
autumn breaks down the salinity gradient in the water column,
oxygenating the inner basin of Robertson Bay and driving cross-shelf
exchange of warmer, nutrient rich, waters, present off the shelf at
Cape Adare (Gordon et al., 2015) (Fig. 3). We hypothesize that a longer
and warmer summer season inferred from terrestrial records ca 1.4 cal
kyr BP (Jin et al., 2021; Mezgec et al., 2017; Stenni et al., 2017) may
have restricted polynya formation in Robertson Bay and other regions of
the Victoria Land coastal margin, thereby reducing associated transport
of nutrient rich CDW into the surface layer (Mezgec et al., 2017; Mor-
rison et al., 2020; Xu et al., 2021). The breakdown of spring meltwater
stratification and a destabilized water column, which transports diatoms
below the pycnocline (Hofer et al., 2019), could have further acted to
limit primary production in Robertson Bay during a period of reduced
spring sea ice concentrations.

A higher ratio of Chaetoceros spp. to CRS and more negative 5'3C
during the early part of the last millennium (ca. 0.8 cal kyr BP) is
consistent with a period of more nutrient-rich, mixed surface waters in
Robertson Bay, which supported increased biogenic flux (Fig. 9). Peak
Mn/Fe ratio indicates a period of more oxygen-rich conditions in the
deep basin of Robertson Bay. Taken together, we interpret the proxy
records to indicate active polynya formation and production of denser-
than-modern waters within the embayment. In the modern environ-
ment, the cold, oxygenated water mass produced in Robertson Bay’s
autumn polynya is displaced by warmer, less oxygenated mCDW
(Fig. 3). We propose that enhanced polynya efficiency ca. 0.8 cal kyr BP
could have produced a cold and oxygenated water mass of sufficient
density to displace the warmer, saltier, less oxygenated water mass
which occupies the deep basin in the modern day (Fig. 2; Fig. 3), while
outflow of dense waters drove enhanced compensatory inflow of CDW
into the embayment at intermediate depths.

Nutrient-replete conditions in the surface layer of Robertson Bay ca.
0.8 cal kyr BP are consistent with an increase in nutrient availably further
south in the Terra Nova Bay region, which has been linked to greater
on-shelf presence of mCDW between 1.0 and 0.6 cal kyr BP (Fig. 9)
(Xu et al., 2021). The delayed onset of peak mCDW influence and primary
productivity in the Ross Sea relative to the Antarctic Peninsula, where
warmer subsurface temperatures are observed after 1.6 cal kyr BP
(Shevenell et al., 2011), is consistent with the differing oceanographic
regimes. Modified Circumpolar Deep Water flows directly onto the shelf
on the Antarctic Peninsula (Thompson et al., 2018). By contrast,
mCDW intrusion into Robertson Bay and the wider Ross Sea region is
modulated by dense water production and export (Morrison et al., 2020;
Thompson et al., 2018) and may have been inhibited by warmer climate
conditions and suppressed polynya along the Victoria Land Coast before
1.0 cal kyr BP (An et al., 2021; Mezgec et al., 2017).

Our interpretation of enhanced polynya activity in Robertson Bay ca.
0.8 cal kyr BP is broadly consistent with previous research which identifies
mean state changes in the Southern Annular Mode (SAM) and the El Nino/
Southern Oscillation (ENSO) as a dominant control on last millennium
Ross Sea climate (Bertler et al., 2018; Koffman et al., 2023; Liining et al.,
2019). Increased upwelling of CDW along the margin the Antarctic
Peninsula (Shevenell et al., 2011) and a strengthening of atmospheric
circulation along the Siple Coast (Koffman et al., 2023) has been linked to
intensified Southern Hemisphere Westerly Winds associated with a
multi-centennial trend towards a positive phase of the SAM during the
early part of the last millennium (Datwyler et al., 2018; Goodwin et al.,
2014; Hinojosa et al., 2017; Koffman et al., 2014; Perren et al., 2020). A
sustained positive phase of the SAM and an increased prevalence of the La
Nina phase of ENSO ca. 0.8 cal kyr BP (Goodwin et al., 2014; Hinojosa
et al., 2017) may have acted to enhance southerly and katabatic winds in
the coastal Ross Sea (Stammerjohn et al., 2008). Stronger southerly winds
promote dense water production, compensatory inflow of mCDW, and
earlier sea ice breakout during the summer ice-free season in the Ross Sea
(Morrison et al., 2020; Schine et al., 2016).
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Considered together, Ross Sea paleoclimate records are consistent
with a role for large scale modes of climate variability in driving an
increase in CDW upwelling, primary productivity, and polynya activity
along the Victoria Land margin during the first part of the last millen-
nium (ca. 0.8 cal kyr BP), a period that has been characterized as Ant-
arctic manifestation of the MCA (Liining et al., 2019 and references
therein). However, we note that evidence of baseline shifts in SAM and
ENSO dynamics during the early part of the last millennium remain
equivocal (Henke et al., 2017; King et al., 2023), and further work is
required to conclusively link late Holocene Antarctic climate evolution
to multi-centennial trends in dynamic modes of climate variability
(Johnson et al., 2021; Truax et al., 2022).

4.5. Little Ice Age [0.7 cal kyr BP — present; Unit 1]

Reconstructions from Robertson Bay and other coastal sediment
cores from the western Ross Sea indicate an increase in the seasonal
duration of sea ice between 0.7 cal kyr BP and the present, consistent
with ice core temperature reconstructions of cooling atmospheric tem-
peratures (Fig. 9) (Bertler et al., 2011; Orsi et al., 2012; Rhodes et al.,
2012; Stenni et al., 2017; Tesi et al., 2020). This shift towards more
consolidated last millennium sea ice conditions in the Cape Hallet re-
gion, located less than 100 km south of Robertson Bay, has been dated to
ca. 0.7 cal kyr BP using tephrochronology (Di Roberto et al., 2019;
Mezgec et al., 2017; Tesi et al., 2020). The onset of icier spring condi-
tions in Robertson Bay, inferred from the relative abundances of F. curta
and T. antarctica also occurs at 0. 7 cal kyr BP, which provides confi-
dence in the accuracy of the core’s radiocarbon-based chronology. We
interpret a lower Mn/Fe ratio after 0.7 cal kyr BP as a decrease in bottom
water oxygenation within the inner basin of Robertson Bay (Fig. 9).
Proxies for nutrient-rich, mixed surface waters (Chaetoceros ratio and
5'3C) decline after 0.7 cal kyr BP, consistent with a reduction in
nutrient-rich mCDW in the upper water column (cf. Xu et al., 2021).
Indicators of primary productivity in Robertson Bay (axis 2 of the PCA)
remained elevated relative to the Holocene baseline, perhaps due to
alternative sources of nutrients such as iron fertilization from dust
sourced from the nearby McMurdo Volcanic Group (Kyle, 1990; Winton
et al.,, 2014) and favorable conditions for diatom growth in a sea ice
meltwater-stratified surface layer (Leventer and Dunbar, 1996).

Icier spring conditions and a sea-ice meltwater stratified surface layer in
Robertson Bay, particularly after 0.5 cal kyr BP, are consistent with marine and
terrestrial records of an Antarctic Little Ice Age (LIA) (Orsi et al., 2012; Rhodes
et al., 2012; Simms et al., 2021; Totten et al., 2022). The interplay between an
externally forced last millennium cooling trend (Neukom et al., 2019; Otto--
Bliesner et al., 2015; Truax et al., 2022) and a multi-centennial shift towards
the negative phase of the SAM after 0.6 cal kyr BP (Abram et al., 2014;
Datwyler et al., 2018; Goodwin et al., 2014; Perren et al., 2020) could have
supported more consolidated sea ice conditions in the western Ross Sea.
However, the increase in spring sea ice concentrations persisted along the
Victoria Land coastal margin after the mean state of the SAM became more
positive ca. 0.3 cal kyr BP (Abram et al., 2014; Datwyler et al., 2018; Sadai
et al., 2020), which suggests that atmospheric cooling over the Victoria Land
region may have exerted primary control over sea ice conditions in the Ross
Sea during the LIA (Mezgec et al., 2017; Rhodes et al., 2012; Stenni et al.,
2017; Tesi et al., 2020). We speculate that the persistence of consolidated
coastal sea ice conditions along the Victoria Land coastal margin to the present
day (Tesi et al., 2020), despite warming atmospheric temperatures after 1850
CE (Rhodes et al., 2012; Stenni et al., 2017), and a positive trend in the SAM
since 1950 CE (Marshall, 2003), may be associated with the modern influence
of West Antarctic Ice Sheet melt. Increasing mass loss from the WAIS has
freshened surface waters in the Ross Sea since the 1950s (Jacobs et al., 2022),
and freshened surface waters could support more consolidated sea ice condi-
tions despite atmospheric forcing (e.g. Bintanja et al., 2013).



O.J. Truax et al.

5. Conclusions

Our multi-proxy record of changing ocean conditions at the inter-
section between the Ross Sea and the Southern Ocean provides new
perspective on the influence of ice sheet and glacial retreat on mid-
Holocene oceanographic conditions. We interpret indicators of persis-
tent ice cover in Robertson Bay between 6.2 and 4.0 cal kyr BP as a local
response to AIS retreat during the mid-Holocene. We propose that
meltwater discharge associated with the formation of the modern Ross
Ice Shelf and glacial retreat along the Victoria Land coastal margin
altered the structure of the continental shelf-break frontal system,
freshening surface waters and isolating downstream regions of the East
Antarctic margin from upwelling mCDW. Both regional processes and
the local retreat of glaciers within the embayment could have supported
the expansion of multi-year sea ice or a small-cavity ice shelf in inner
Robertson Bay during a period characterized by warmer spring condi-
tions and increased primary production in other regions of Antarctica.
We suggest that ice sheet retreat was an important, perhaps dominant,
driver of contrasting mid-Holocene environmental conditions around
the Antarctic margin. The formation of modern ice shelf cavities and the
onset of modern-style water mass transformation is a plausible mecha-
nism for rapid environmental change against the backdrop of more
gradual trends in seasonal insolation (cf. Ashley et al., 2021). This result
underscores that the mid-to-late Holocene transition, recorded in Ant-
arctic marine sediment cores (ca. 4 cal kyr BP), is a valuable target for
coupled ice sheet-ocean modeling studies which seek to understand the
regional impact of Antarctic ice sheet retreat and the ice-ocean feed-
backs that support ice sheet readvance (cf. Venturelli et al., 2020).

Greater influence of global modes of atmospheric variability and
climate evolution (SAM, ENSO, insolation changes, volcanic eruptions)
on late Holocene Ross Sea oceanography is consistent with the termi-
nation of regional forcing associated with Antarctic ice sheet retreat.
Variability in F. curta relative abundance and other indicators of sea ice
and oceanographic dynamics in Robertson Bay and other regions of the
Victoria Land costal margin indicate relatively large environmental
shifts during the late Holocene, despite subtle changes in external
forcings. We identify a period associated with a shorter seasonal dura-
tion of sea ice, reduced polynya activity, and nutrient limitation in
Robertson Bay between 1.5 and 1.0 cal kyr BP. A subsequent increase in
productivity and bottom water oxygenation ca. 0.8 cal kyr BP is
consistent with enhanced polynya activity, a greater presence of mCDW
in the surface layer, and displacement of oxygen-poor mCDW from the
deep basin of Robertson Bay. These conditions coincide with the core
period of an Antarctic MCA. After 0.7 cal kyr BP, more consolidated sea
ice conditions in Robertson Bay persist during the Little Ice Age, a period
of colder atmospheric temperatures in Ross Sea linked to orbital, vol-
canic and solar forcing, and a sustained negative trend in the SAM. In
contrast to the mid-to-late Holocene, last millennium climate transitions
were more regionally consistent, and the Little Ice Age recorded in
terrestrial and marine records from West and East Antarctica (onset 700-
400 cal yr BP) is more synchronous than any prior event.

Holocene marine paleoclimate records from Robertson Bay and
across the Antarctic margin record the oceanographic response to mid-
Holocene glacial retreat, as well as natural variability in SAM and
ENSO dynamics and global mean temperatures during the last millen-
nium. These findings highlight the likely sensitivity of the Antarctic ice-
ocean interface to projected changes in AIS meltwater discharge, global
mean temperatures, SAM, and ENSO in the coming decades. Further-
more, the regionally specific impact of mid-Holocene ice sheet retreat
underlines the critical need to integrate and accurately represent feed-
back mechanisms between Antarctic oceanography and ice sheet dy-
namics in projections of future changes.
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