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Editorial on the Research Topic

Role of the Southern Ocean in atmospheric pCO, change: observations,
simulations and paleorecords

The Southern Ocean plays a key role in atmospheric CO, sequestration, accounting
for ~40-50% of the anthropogenic CO, absorbed by the modern ocean (Landschiitzer et al.,
2015; Gruber et al,, 2019). The Southern Ocean also played a critical role in modulating
variation in the atmospheric partial pressure of carbon dioxide (pCO,) in the geologic past
on both orbital and millennial timescales (Anderson et al., 2009; Sigman et al., 2010;
Gottschalk et al., 2016). Moreover, the Southern Ocean influences atmospheric and oceanic
circulation in the tropics remotely, including low-latitude atmospheric CO, exchange
(Sarmiento et al., 2004; Hendry and Brzezinski, 2014; Sigman et al., 2021). Thus, the
Southern Ocean is a key component of the global climate system through its influence on
atmospheric CO, variations at a range of timescales (Fischer et al., 2010; Rae et al., 2018;
Dong et al., 2024). However, the processes and mechanisms of Southern Ocean influence
on atmospheric pCO, and global climate changes are still not well understood. To fill this
gap, this Research Topic integrates the results of modern observations, paleoclimate data,
and model simulations to promote a comprehensive understanding of the significance of
the Southern Ocean in global climate change from the perspective of the carbon cycle.

This Research Topic collected 12 articles, including 11 original research articles and 1
perspective article. The articles focus on in-situ analyses of carbon and other nutrients and
watermass factors, recent advances in simulation of the effects of overturning circulation on
atmospheric pCO,, and palaeoceanographic reconstructions of carbon cycle (-related)
processes. These articles can be classified into the three themes explored below.

5 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fmars.2024.1531887/full
https://www.frontiersin.org/articles/10.3389/fmars.2024.1531887/full
https://www.frontiersin.org/articles/10.3389/fmars.2024.1531887/full
https://www.frontiersin.org/articles/10.3389/fmars.2024.1531887/full
https://www.frontiersin.org/researchtopic/47417
https://www.frontiersin.org/researchtopic/47417
https://www.frontiersin.org/researchtopic/47417
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2024.1531887&domain=pdf&date_stamp=2024-12-17
mailto:zhfxiong@fio.org.cn
https://doi.org/10.3389/fmars.2024.1531887
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2024.1531887
https://www.frontiersin.org/journals/marine-science

Xiong et al.

Modern processes

Li et al. analyzed sea-surface temperature (SST) data from the
Southern Ocean since 1870 to resolve why SSTs have been cooling
since 1980 despite a global warming trend (Yang et al., 2023). They
found that three main modes [i.e., the Global Temperature
Anomaly, Atlantic Multidecadal Oscillation (AMO), and El Nifo-
Southern Oscillation (ENSO)] can explain over 70% of SST
variability. The negative phase of the AMO and the positive
phase of the ENSO counteract the effects of global warming,
resulting in a cooling trend in Southern Ocean SSTs since 1980.

Zhang et al. identified strong seasonal variations of siliceous
microplankton fluxes and radiolarian assemblages from a sediment
trap, which are dominated by seasonality in sea ice cover and
plankton community composition in Prydz Bay polynya,
Antarctica. The results of this study provide new insights
concerning the fluxes and assemblages of siliceous microplankton
as carbon-cycle proxies in the geological past (Ragueneau et al., 2000;
Treguer et al., 2018).

Huang et al. analyzed iron (Fe) speciation and examined the
relationship of highly reactive Fe (Feyr) and organic carbon in
surface sediments from Prydz Bay and the adjacent Southern
Ocean. They discovered that the Feyy to total Fe (Fer) ratios are
lowest for the surface sediments in the global ocean due to weak
bedrock weathering and slow glacier melting. They proposed that
the influence of Feyr on sedimentary organic matter significantly
varies across different sedimentary environments and
sediment categories.

Wu et al. analyzed grain size, coarse fraction lithology, and clay
mineral composition of surface sediments to constrain their
provenance and delivery mode in the Ross Sea, Antarctica. They
identified four types of bulk sediments, classified three sorts of
coarse fractions, and quantified the distribution of clay minerals.
Their findings reveal that surface sediments were mainly
transported by icebergs and bottom currents. This study
demonstrates the dynamic character of glaciers draining into the
Ross Sea, underscoring their potential contribution to future sea-
level rise under global warming conditions.

Yang D. et al. reconstructed spatio-temporal variations of
organic matter sources and environmental changes from surface
and core sediments in the Ross Sea, Antarctica. They revealed
distinct spatial patterns of organic matter sources related to
production of marine phytoplankton and bacteria and terrestrial
bryophytes, and inputs of mid-latitude dust and low-latitude higher
plant leaf waxes. They also indicated obvious temporal variations of
organic matter sources consistent with ice shelf dynamics since the
Last Glacial Maximum (LGM).

Yang W. et al. used observational data of physical properties
and carbon chemistry in the ocean-surface watermass to explore the
influence of sea ice melting on surface pCO, in the western Arctic
Ocean. They discovered distinct controls on surface pCO,
variability of the Chukchi Sea continental shelf and the Canada
Basin, with biological production being the dominant influence in
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the former area and various factors including biological production,
ice meltwater dilution, air-sea CO, exchange, and surface
temperature being the dominant influences in the latter area.
Hopefully, similar studies will be undertaken in the future in the
Southern Ocean, where sea ice frequently grows and melts.

Model simulations

Menviel and Spence discussed the impact of the Southern
Ocean circulation on atmospheric pCO, based on the merging of
published and newly performed simulations. Both strengthening
and poleward shift of the Southern Hemispheric Westerlies can lead
to natural CO, outgassing. Enhanced Antarctic Bottom Water
formation/transport can decrease deep-water natural dissolved
inorganic carbon (DIC) concentrations and increase surface-
ocean natural DIC concentrations. This study provides a new
perspective on past, present and future relationships between
changes in atmospheric CO, and Southern Ocean circulation
resulting from both dynamic and buoyancy forcing.

Palaeoceanographic records

Hu et al. used surface productivity and deep redox proxies to
constrain variations in the deep respired carbon pool of the
Cosmonaut Sea, Antarctica, and its impact on the glacial
atmospheric pCO, budget. They found that waxing and waning
of the respired carbon pool contributed to drawdown of
atmospheric pCO, during the LGM and rising atmospheric pCO,
during the Last Deglaciation, respectively.

Chen et al. suggested that weathered material from the Prydz
Bay and Enderby Land coastlines is the main source of sediment to
the Cosmonaut Sea, Antarctica. They also discussed the
synchronization of East Antarctic Icesheet dynamics with changes
in Antarctic climate since the LGM. The results of this study and
Hu et al. are a critical supplement for palacoceanographic research
in the Cosmonaut Sea, which is rarely studied.

Lei et al. examined the historical impacts of Circumpolar Deep
Water (CDW) on organic matter and ice-rafted debris (IRD) with a
palaeoceanographic record from the Amundsen Sea, Antarctica.
They identified six environmental events characterized by
covariation among CDW intensity, organic carbon concentrations
and isotopes, and IRD concentrations since ~6 ka. This study
highlights the importance of the CDW in the regional
environmental evolution of the Southern Ocean.

Kim et al. investigated glacial-interglacial changes in oceanic
environments and depositional processes, linking them to icesheet/
ice shelf variations using two sediment cores from the
Bellingshausen Sea continental rise. They demonstrated that
sediment composition, surface productivity, deep-ocean redox
conditions, and bottom-water formation manifest a pronounced
glacial cycle, which was closely linked to icesheet dynamics.
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Kenlee et al. performed Fe speciation analyses in cores from the
subtropical (18-33°N) Atlantic Ocean core that are dominated by
eolian dust from the Sahara Desert. They suggested that dust fluxes
decrease but bioavailability of eolian Fe increases with the distance
of atmospheric transport. Proximal and distal sediments show
inverse Fe speciation patterns (i.e., high versus low Feyr/Fer,
respectively), which are linked to lower Fe solubility and primary
production in the water column and to greater carbonate dilution/
dissolution at proximal versus distal sites. This study underscores
the significance of Fe dynamics in regulating glacial-interglacial
atmospheric pCO, variation in multiple oceanic regions,
particularly in the Southern Ocean, where variation in dust
delivery on glacial-interglacial timescales is pronounced (Lamy
et al.,, 2014; Martinez-Garcia et al., 2014).

Concluding remarks

The influence of the Southern Ocean on atmospheric pCO, and
global climate evolution is complicated, being related not only to the
carbon cycle but also to the nitrogen and silicon cycles, sulfur and
oxygen cycles, iron cycle, hydrological cycle, and icesheet/ice shelf
dynamics. The articles collected on this Research Topic represent
state-of-the-art investigations into the above-mentioned
biogeochemical and dynamic processes at a range of timescales
based on modern observations, paleoclimate data, and model
simulations. These collective efforts are of great scientific
significance in providing new insights concerning the role of the
Southern Ocean in modulating variations in atmospheric pCO, and
global climate in the past, present and future. Despite the progress
made by the studies in this Research Topic, key scientific issues
remain incompletely understood and will require further
investigation in the future in order to achieve a better
understanding of the role of the Southern Ocean in global climate
change from the perspective of the carbon cycle.
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Low content of highly reactive
iron in sediments from Prydz Bay
and the adjacent Southern
Ocean: Controlling factors and
implications for sedimentary
organic carbon preservation

Wenhao Huang™?, Xiaoze Guo**?, Jun Zhao'*, Dong Li*?,
Ji Hu™?, Haifeng Zhang™?, Cai Zhang™? Zhengbing Han?,
Weiping Sun?, Yongge Sun® and Jianming Pan™?

tKey Laboratory of Marine Ecosystem Dynamics, Ministry of Natural Resources, Hangzhou, China,
2Second Institute of Oceanography, Ministry of Natural Resources, Hangzhou, China, *Institute of
Environmental and Biogeochemistry (eBig), School of Earth Sciences, Zhejiang University,
Hangzhou, China

Examining iron (Fe) speciation in marine sediments is critical to understand Fe
and carbon biogeochemical cycling in polar regions. In this study, we
investigated the speciation of Fe in sediments from Prydz Bay and the adjacent
Southern Ocean, and examined the factors controlling Fe speciation and its
relationship with total organic carbon (TOC). Our results reveal that unreactive
silicate Fe (Fey) is the dominant pool of total Fe (Fet), followed by poorly reactive
sheet silicate Fe (Fepgrs), reducible crystalline Fe oxides (Feo,p), easily reducible
amorphous/poorly crystalline Fe oxides (Fes), and magnetite (Fem.g), with
carbonate-associated ferrous Fe (Fec,p) being the smallest pool. The highly
reactive Fe (Fenr)/Fet ratios (0.13 + 0.06) in our study area are among the lowest
end-member globally, primarily due to weak bedrock weathering and slow
glacier melting. The Feqy/Fet ratios are similar to those in continental shelf
and marginal seas containing highly weathered materials, while the Feqy,/Fer
ratios are significantly lower. This result implicates that low temperature inhibits
the aging of iceberg melting-sourced Fe.,; potentially, and accordingly the
regulation of weathering on the Feyr/Fer ratio is mainly reflected in Feqyo/Fer
ratio. There are no significant correlations between TOC and Feyr, Fecarn, Feoxs O
Feoxo in the research region. Four distinct patterns of TOC/Feyr ratio can be
discerned by summarizing the global data set: (a) high TOC/Feyp ratios (> 2.5) are
likely the result of high marine primary productivity and low chemically
weathered source materials; (b) low TOC/Feyr ratios (< 0.6) are caused by
high rates of Fepr inputs and OC remineralization; (c) mid-range TOC/Feur
ratios (0.6 — 2.5) typical of most river particulates and marginal sea sediments
indicate the same Fepr and OC sources and/or interactions between each other;
(d) both low TOC and Fepr content is the result of low marine primary
productivity and weak chemical weathering. Our findings provide new insights
into the relationship between Feyr and TOC in polar sediments.
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Fe speciation, highly reactive Fe, Southern Ocean, marine sediment, organic carbon
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1 Introduction

The role of iron (Fe) speciation, rather than its total amount, is
critical in Fe biogeochemical processes such as activity, migration,
and bioavailability in marine sediments (Tagliabue et al., 2017). Due
to its diverse mineralogy, crystallography, morphology, and
chemical composition, Fe exhibits significant oxidation-reduction
and adsorption reactivities (Kostka and Tii, 1994; Thamdrup, 2000).
The sequential separation of different Fe species from the reaction
phase is the foundation of Fe biogeochemistry (Poulton and
Raiswell, 2005). Marine sediments serve as both a crucial Fe sink
and source (Wadley et al., 2014; Homoky et al., 2016). The
characteristics of Fe speciation in sediments are influenced by
multiple factors, including the mixing of source materials with
varying intensities of chemical weathering, bedrock type, redox
conditions, pH values, chemical properties of organic matter, and
diagenesis (Canfield, 1989; Poulton and Raiswell, 2005; Konhauser
et al,, 2011; Wehrmann et al., 2014; Thomasarrigo et al., 2019; Wei
et al.,, 2021; Pasquier et al., 2022). Furthermore, highly reactive Fe
(Fepr, operationally defined as Fe (oxyhydr)oxides and carbonates
that readily react with sulfide to form sulfide minerals and
eventually pyrite [Canfield, 1989]) in sediments has a significant
impact on the biogeochemical cycling and fate of carbon (C) and
other trace elements (Tagliabue et al., 2017). Therefore, the analysis
of Fe speciation in sediments and the identification of controlling
factors are crucial in studying Fe and C biogeochemical cycles.

Early studies demonstrated that Antarctic glacial sediments,
which contain poorly chemically weathered material, exhibit
significantly lower Feygr content and Fepgp/total Fe (Fer) ratios
compared to terrestrial riverine particulates (Poulton and Raiswell,
2002; Raiswell et al., 2006). Recent studies on polar regions have
revealed that glacial runoff meltwater contributes additional Feyy to
coastal Antarctic waters (Bhatia et al., 2013; Hawkings et al., 2014;
Wehrmann et al., 2014; Lyons et al., 2015; Dinniman et al., 2020),
presenting a promising opportunity to enhance primary
productivity in the Southern Ocean and accelerate carbon dioxide
consumption from the atmosphere in this region (Blain et al., 2007).
Correspondingly, the Feygr content and Feyg/Fer ratio in Antarctic
marine sediments may rise (Henkel et al., 2018). Given the
increasing melting rate of Antarctic glaciers in recent decades
(Shepherd et al., 2018), these impacts may become more
significant. However, limited data on Fe species in Antarctic
sediments pose challenges in assessing the impact of glacial
melting on the biogeochemical cycles of Fe and C in polar
regions under the context of global warming.

The natural process of “Fe fertilization”, which involves the
transport of more Feyr to the ocean due to increased glacial
melting, not only enhances the transport of organic carbon (OC)

Abbreviations: Fe_,, carbonate associated ferrous Fe; Fe,y;, easily reducible
amorphous/poorly crystalline Fe oxides (ferrihydrite, lepidocrocite); Feoyo,
reducible crystalline Fe oxides (goethite, akaganéite, hematite); Fenag,
magnetite; Feprs, poorly reactive sheet silicate Fe; Fer, Total Fe; Feg, Highly
reactive Fe (Fecyrp, + Feoyt + Feoya + Femag); Fey, Unreactive silicate Fe (Fer - Fepr
- Feprs); SSA, Specific surface area; TOC, Total organic carbon; foc fe

Proportion of OC in OC-Feygr complexes to TOC.
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to the deep sea (Pollard et al., 2009), but also has the potential to
promote sedimentary OC burial. OC-Feyr complexes formed by
the combination of Feyr and OC exhibit long-term preservation
potential (Lalonde et al., 2012; Faust et al., 2021), and their
formation is therefore significant for improving the burial
efficiency of marine sedimentary OC and mitigating global
warming (Salvado et al., 2015). However, the proportion of OC in
OC-Feyr complexes to total OC (TOC) (foc.re) in global marine
surface sediments varies widely (0.5% - 80%) (Lalonde et al., 2012;
Longman et al., 2021; Longman et al., 2022). Fe speciation and Feyg
content in different sedimentary environments are significantly
differ, which may be a crucial factor influencing the degree of
OC-Feyr complexing (Ma et al,, 2018; Faust et al.,, 2021). Therefore,
investigating the species composition of Fepg in Antarctic marine
sediments and its potential relationship with OC preservation is of
great significance for comprehending the OC-Feyr coupling
mechanism and evaluating the response of the Antarctic C cycle
to climate change.

Prydz Bay is the largest bay in the Indian Ocean sector of
Antarctica. Its seaward perimeter is delineated by two shallower
water depth banks, namely Fram Bank to the northwest and Four
Ladies Bank to the northeast. The continental shelf region in Prydz
Bay is comparable to that of the Weddell Sea and the Ross Sea,
which are the two major Antarctic coastal seas and have the most
productive coastal polynyas (Arrigo et al., 2015). However, Prydz
Bay has fewer ice-free zones (Campbell et al., 1993) and less ice shelf
melting (Shepherd et al.,, 2018; The IMBIE team, 2018), leading to
weak chemical weathering and low Feyy inputs. The accumulation
of marine materials in the surface sediments of Prydz Bay is
primarily driven by primary production, as indicated by the
distribution of chlorophyll a in surface waters and sedimentary
TOC and total nitrogen (TN) (Vaz and Lennon, 1996; Liu et al,
2014). Therefore, Prydz Bay and the adjacent Southern Ocean
provide an ideal area for studying Fe speciation and its
relationship with OC, given the specific geographical environment
and material source conditions.

In this study, we conducted the sequential extraction of Fe
species and measured TOC, Fer, grain size and specific surface area
(SSA) in 20 surface sediments from Prydz Bay and the adjacent
Southern Ocean. The aim was to characterize the distribution of Fe
species, particularly Feyg, and speculate on its controlling factors.
Additionally, we preliminarily discussed the relationship between
TOC and Fe speciation in the research region and the implications
from a global perspective.

2 Materials and methods
2.1 Sampling procedure

During the 24™ to 29™ Chinese National Antarctic Research
Expeditions (CHINARE-24 to -29, 2007 - 2013), a total of 20
surface sediment samples were collected from Prydz Bay and the
adjacent Southern Ocean (Figure 1; Table 1). The box sampler was
used to collect the sediment samples, and the topmost 0 — 1 cm layer
was considered as the surface sample. The samples were
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FIGURE 1

Surface sediment sampling stations in Prydz Bay and the adjacent Southern Ocean during the 24 to 29" Chinese National Antarctic Research
Expeditions (CHINARE-24 to -29). The circumfluence map is modified after Williams et al. (2016). PBG, Prydz Bay Gyre; mCDW, modified
Circumpolar Deep Water; DSW, Dense Shelf Water; ISW, Ice Shelf Water.

TABLE 1 Sampling information, sand, clay, silt and categories of surface sediment from Prydz Bay and the adjacent Southern Ocean.

Station Longitude (°E) Latitude (°S) Water Depth Cruise Silt (%) Sand (%) Clay (%) Category

P4-09 70.87 67.52 285 CHINARE-29 22.1 72.7 5.12

Coarse
P4-07 70.49 66.99 293 CHINARE-29 255 68.7 575
P7-12 78.00 66.94 218 CHINARE-29 413 51.5 7.15
15-05 74.11 68.99 707 CHINARE-24 395 50.6 9.84
18-21 71.05 68.49 777 CHINARE-27 515 386 9.88 Medium
P5-07 73.02 66.97 510 CHINARE-29 482 40.0 118
P7-14 77.18 67.44 312 CHINARE-29 459 37.1 17.1
P5-10 72.92 68.00 642 CHINARE-29 623 21.1 16.5
P7-16 76.20 68.38 559 CHINARE-29 65.1 17.5 17.5
P3-09 68.01 67.51 251 CHINARE-29 72.8 15.3 119

Fine

IS-12 72.95 68.42 748 CHINARE-27 724 14.1 13.5
P2-14 70.52 68.01 496 CHINARE-25 69.0 18.1 12,9
P4-11 75.38 67.96 491 CHINARE-24 81.9 275 15.4

(Continued)
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Station Longitude (°E) Latitude (°S) Water Depth (m) Cruise Silt (%) Sand (%) Clay (%) Category
I5-X1 76.11 69.28 / CHINARE-27 79.5 3.69 16.8
P6-12 75.49 68.91 700 CHINARE-29 75.1 8.14 16.7
P6-08 75.49 67.25 386 CHINARE-29 66.8 8.29 24.9
P6-03 75.68 65.99 2920 CHINARE-29 60.7 12,9 26.4
P7-07 77.82 65.48 3250 CHINARE-29 615 117 26.9 Ultra-fine
P5-01 73.21 64.90 3421 CHINARE-29 55.5 16.8 27.7
P3-03 67.81 66.00 2689 CHINARE-29 51.0 9.03 40.0

immediately frozen at -20°C and transported to the laboratory
where they were stored at the same temperature until analysis.

2.2 Grain size and specific surface
area analysis

The sediment grain size was analyzed using a laser particle size
analyzer (Malven Mastersizer 3000, UK) with an analysis range of
0.01 - 3500 um and a precision better than 1%. Approximately 1 g
of wet sediment was placed into pure water and mixed well with
ultrasonication. The bulk sediment samples were then separated
into 3 standard size fractions: sand (> 63 um), silt (4 - 63 um), and
clay (< 4 pm). The freeze-dried sediments were heated in a muffle
oven at 350°C for 12 h to remove organic matter. The SSA of the
sediments was measured by the static volumetric method using an
automatic analyzer (Bessed 3H-2000 PS1, China) with an analysis
range of > 0.005 m?/g and a precision better than 1%.

2.3 TOC analysis

The TOC content in the sediments was determined using an
elemental analyzer—isotope ratio mass spectrometer (EA-IRMS)
(Thermo Delta V advantage, US). The freeze-dried sediment
samples were analyzed after removing carbonates by acid
fumigation and oven drying at 60°C for 24 h (Harris et al., 2001).
The precision of the reference material (Acetanilide) was + 0.23% (n
= 5). One sample was selected to run as replicates in parallel (P7-
16), and the relative standard deviation (RSD) of TOC
measurements was < 16% (n = 2, Table S2).

2.4 Total Fe and Al determination

The Fer and Al content were analyzed using an inductively
coupled plasma-atomic emission spectrometer (ICP-AES)
(Thermo Fisher IRIS Intrepid II XSP, US). The freeze-dried
sediment samples were placed in a polytetrafluoroethylene inner
tank, which was immersed in nitric acid and leached with deionized
water. The samples were then digested with mixed HF-HCIO,-
HNOj; acids (guaranteed reagent) in a microwave digestion
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instrument. The acid was expelled, and the volume was calibrated
by adding Rhodium. The Fer and Al content in the digestion fluid
were determined by subtracting blanks. Reference materials
(GBWO07314 [offshore marine sediments, The State Bureau of
Quality and Technical Supervision of China], GBW07103 [granite
rock composition analysis reference materials, The State Bureau of
Quality and Technical Supervision of China] and GSP-2
[granodiorite powdered reference materials, USGS]) were also
digested using the same method for quality control. The recovery
efficiencies of Fer and Al for the reference materials were 100.2% -
101.9% and 100.1% — 100.4%, respectively. Replicates were analyzed
for two samples (P4-07, P7-07), and the RSDs were < 5.3% (n = 2,
Table S2).

2.5 Fe speciation

Fe species analyses, including carbonate associated ferrous Fe
(Fecarb), easily reducible amorphous/poorly crystalline Fe oxides
(Feox1), reducible crystalline Fe oxides (Feoy,), magnetite (Fepag),
and poorly reactive sheet silicate Fe (Feprs), were conducted
following the methods of Poulton and Canfield (2005) and Mirz
et al. (2012) as shown in Table SI. Briefly, the surface sediments
were homogenized after freeze-drying, weighed accurately to 0.1 g,
and then sequentially extracted by adding the respective reagents
necessary for each Fe species to the centrifuge tube containing the
sediments. The tubes were centrifuged at 4800 rpm for 10 min and
the supernatants were transferred into PET bottles for Fe species
analysis. The sediment residuals from the previous step were then
washed twice with distilled water, which was added to the extracted
supernatants. The Fe content in the supernatants was determined
on a flame atomic absorption spectrophotometer (ZEE nit 700P,
Germany). The RSDs for 10 samples were < 6.5% for Fe,1,, < 8.2%
for Feoyy, < 4.9% for Feoys, < 13% for Fep,g (1 = 3); and the RSDs for
2 samples was < 5.5% for Fepgs (n = 2) (Table S2). The sediments
exhibited no observable indications of Fe sulfides (black mottles),
leading to the assumption that pyrite-bound Fe was insignificant
(Mérz et al., 2012) and was not subject to analysis in this study.
Here, we established Fepg = Fecat, + Feoxy + Fegyn + Fengg as per
Poulton and Canfield (2005). Consequently, the equation for
unreactive silicate Fe (Fey) was: Fey = Fer — (Feyr + Feprs).
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FIGURE 2

Classification of surface sediments in Prydz Bay and the adjacent Southern Ocean. Samples are classified into 4 categories based on a cluster
analysis: “Coarse” (red squares), "“Medium” (blue triangles), “Fine" (green dots) and “Ultra-fine" (yellow diamonds).

2.6 Statistical analyses

To establish relationships between the measured parameters, a
Pearson correlation analysis and a two-tailed test of significance were
conducted using the statistical software SPSS (Version 25).
Additionally, a cluster analysis was performed using the
same software. One-way analysis of variance with a 95%
confidence interval (p < 0.05) was used to identify statistically
significant differences.

3 Results
3.1 Grain size and grouping
The sediment composition in the study area is analyzed in terms

of the content of clay (5.12% - 40.0%), sand (2.75% - 72.7%), and
silt (22.1% - 81.9%). Silt is found to be the dominant component,

accounting for an average of 57.4% of the sediment volume (Table
S3). Sandy silt is identified as the main sediment type in the study
area (Figure 2) according to the sediment classification method of
Folk (1980). Cluster analysis of grain size results in the division of

» o«

sediment samples into 4 categories: “Coarse”, “Medium”, “Fine”
and “Ultra-fine”, as shown in Figure 2. The “Coarse” category
includes 2 stations from Fram Bank, the “Medium” category
includes 5 stations from the Amery Ice Shelf front, Four Ladies
Bank and Prydz Channel, the “Fine” category includes 8 stations
from the Cape Darnley polynya and Amery Basin, and the “Ultra-
fine” category includes 5 stations from the deep Southern Ocean

and Four Ladies Bank (Table 1).

3.2 SSA, TOC and OC loading

The SSA of the sediment samples ranges from 1.78 to 41.2 m*/g.
The highest SSA is found in the “Ultra-fine” sediment category

A B
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FIGURE 3

Fe speciation

The average content of (A) Fecarn, Feox1, Feoxo, Femag and (B) Feyr, Feprs, Fey, Fer in "Coarse”, "Medium”, “Fine” and “Ultra-fine” categories of
sediments from Prydz Bay and the adjacent Southern Ocean. Note: Feyr = Fecar, + Feox + Feouo + Femag.
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(339 + 8.13 m%/g), followed by “Fine” (17.7 + 4.86 m?/g) and
“Medium” (8.57 + 4.06 mz/g) sediments. The “Coarse” sediment
category has the lowest SSA (1.87 + 0.128 mz/g) (Table S3).

The TOC content ranges from 0.13% to 1.65%, similar to values
(0.14% - 1.20%) in Liu et al. (2014). The “Fine” sediment category
has significantly (p < 0.005) higher TOC content (1.02% + 0.35%)
than the other 3 categories (0.19% =+ 0.02%, 0.32% + 0.28%, 0.34% +
0.19% for “Coarse”, “Medium” and “Ultra-fine”, respectively)
(Table S3).

The OC loading (i.e., the TOC/SSA ratio) ranges from 0.04 to
1.29 mg/m*. The “Coarse” sediment category has the highest OC
loading (0.99 + 0.18 mg/m?), followed by “Fine” (0.62 + 0.33 mg/
m?), “Medium” (0.38 + 0.21 mg/m?), and “Ultra-fine” (0.12 + 0.11
mg/mz) sediments (Table S3).

3.3 Total Fe and Fe speciation

The Fer content ranges from 1.22% to 5.19% (2.72% + 0.993%),
and is significantly (p < 0.01) higher in the “Ultra-fine” category
sediments (3.99% + 0.950%) than “Fine” (2.01% + 0.387%) and
“Medium” (2.37% + 0.430%) sediments, with the middle value in
“Coarse” category (3.25% =+ 0.348%) (Table S3).

The characteristics of Fe speciation are reported in Table S3. A
comparison of the average yields of various Fe pools and their ratios
to Fer in the 4 grain size categories are shown in Figure 3. Fey is the
largest Fe pool (290 + 125 pumol/g), followed by Feprs (134 + 105
pumol/g) and Feyg (64.0 £ 43.7 pumol/g) (Figure 3B). Within Feyp,
the content of Feyy, (24.7 = 19.4 wmol/g) and Fe,y; (21.0 + 15.9
pumol/g) is significantly (p < 0.001) higher than Fe.,, (3.70 + 1.31
umol/g), with Fep,g in the mid-range of these values (14.7 + 9.99
pumol/g) (Figure 3A).

0.5

10.3389/fmars.2023.1142061

Regarding different grain size categories, Fesx1, Feoxa Femag
Feyr and Fepgrg content is all significantly (p < 0.01) higher in
“Ultra-fine” sediments (44.6 + 11.7, 53.7 + 8.02, 27.8 + 6.87, 129 *
26.0, 285 + 83.6 Lmol/g, respectively) than “Coarse” (4.37 £ 0.0778,
3.59 + 0.601, 442 + 2.16, 15.1 + 3.37, 29.5 £ 13.5 umol/g,
respectively), “Medium” (11.1 + 3.04, 16.0 + 8.44, 14.1 + 8.82,
444 + 17.7, 80.0 + 43.9 umol/g, respectively) and “Fine” (16.5 +
5.73, 17.2 £ 9.82, 943 + 3.79, 47.7 + 17.9, 98.0 + 39.1 umol/g,
respectively) categories. Fey is significantly (p < 0.01) higher in
“Coarse” sediments (538 * 45.5 pmol/g) than in “Medium” (300 +
68.6 umol/g), “Fine” (215 + 67.4 pumol/g) and “Ultra-fine” (300 +
135 pmol/g) sediments, while there is no significant difference (p >
0.05) in Feyp (2.72 + 1.90, 3.20 + 0.830, 4.59 + 1.41 and 3.16 +
0.605 pmol/g for “Coarse”, “Medium”, “Fine” and “Ultra-fine”
categories, respectively) (Figure 3).

4 Discussion

4.1 Feygr characteristics and
controlling factors

4.1.1 Control of weak weathering and slow
glacier melting on low Feyr/Fer ratio

In the sediments from Prydz Bay and the adjacent Southern
Ocean, there is a significant positive correlation between Feyr and
Fer, as well as between Feyyg and Al (R? = 0.55, p <0.001; R*=031,
p < 0.05; Figure S1). This finding is consistent with the global
riverine and glacial particulates, implying that Feyr are closely
associated with Fe-bearing aluminosilicate minerals (Poulton and
Raiswell, 2002; Poulton and Raiswell, 2005). The Feyr/Fer ratios in
the research region (0.13 + 0.06) are similar to those in Antarctic
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Comparison of Feyr/Fet and Fer in “Coarse”, “Medium”, “Fine” and “Ultra-fine” categories of sediments from Prydz Bay and the adjacent Southern
Ocean with global riverine particulates and modern marine sediments, Antarctic glaciers (Raiswell and Canfield, 1998; Poulton and Raiswell, 2002),
off the western Antarctic Peninsula (Burdige and Christensen, 2022), off King George Island (Henkel et al., 2018), South Yellow Sea (Ma et al., 2018),
East China Sea (Zhu et al,, 2012), Barents Sea (Faust et al,, 2021), Umpqua (Roy et al., 2013) and the Jiaozhou Bay (Zhu et al., 2015). Data are averages
of surface sediments (0 — 2 cm) by recalculation of Henkel et al. (2018) and Burdige and Christensen (2022)
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glacial particulates (0.11 + 0.05), and lower than those in global
river particulates (0.43 + 0.03) and modern marine sediments
(0.26 + 0.08) (Figure 4) (Poulton and Raiswell, 2002). This result
suggests that the sediments in our study area are mainly influenced
by weak chemical weathering. Generally, during chemical
weathering, the easily solubilized major elements (such as Na, K,
Ca, etc.) in rock minerals are leached, while the insoluble elements,
such as Al and Fe, are enriched. As a result, Fe forms insoluble
mineral phases (mainly Fe oxides) that continuously adsorb on the
surface of parent rock minerals (Martin and Meybeck, 1979;
Canfield, 1997). Therefore, the degree of chemical weathering can
determine the Feygr content as well as the Feyg/Fer ratio (Poulton
and Raiswell, 2002; Wei et al., 2021).

River and glacier particulates are known to represent the high and
low end-members of weathering intensity, respectively, and their
mixing in varying proportions determines the Fepg/Fer ratio
characteristics of sediments in different marine environments
(Poulton and Raiswell, 2005). In the research region, the Feyr/Fer
ratios belong to the lower end-member compared to other polar
sediments (Figure 4). For example, in the Arctic Barents Sea, off the
Antarctic Peninsula and King George Island, the Feyr/Fer ratios of
surface sediments (shallower than 2 cm) are 0.28 + 0.07, 0.21 + 0.05
and 0.35 + 0.06, respectively (Henkel et al., 2018; Faust et al., 2021;
Burdige and Christensen, 2022), all significantly (p < 0.01) higher
than our result (0.13 £ 0.06) (Figure 4). This difference can be
attributed to the differences in the glacier melting and the bedrock
weathering. In our study region, the ice-free area is small and the
glacier melting rate is slow (Campbell et al., 1993; The IMBIE team,
2018). However, in the Arctic Barents Sea, off the Antarctic Peninsula
and King George Island, there are larger ice-free zones and higher
glacier melting rates (Stammerjohn et al., 2008; Screen and

10.3389/fmars.2023.1142061

Simmonds, 2010; Rueckamp et al., 2011; The IMBIE team, 2018).
Therefore, intense weathering process occurs: the runoff formed from
ice melting continuously erodes the bedrock, producing soluble Fe**
and secondary nanoparticulates, which are then oxidized and aged
into Fe oxides, and transported to the marginal seas along with the
runoff (Henkel et al., 2018). This situation is similar to those in rivers
of middle and low latitudes, which can continuously transport Fe-
containing particulates with high Feyr/Fer ratio. Besides, the Feyr/
Fer ratios are significantly (p < 0.05) higher off King George Island
(Figure 4), probably due to the semi-enclosed bay topography, which
is conducive to Feygr enrichment, similar to the Jiaozhou Bay and
Bohai Sea (Zhu et al., 2015; Wang et al., 2019).

Our findings demonstrate that the Feygr/Fer ratios vary across
the 4 grain size-based sediment categories in the study area.
Specifically, the Fer content in “Coarse” sediments (3.25% =
0.348%) is comparable to that of the Earth’s crust (3.5%) (Taylor,
1964), and the Feyg/Fer ratios are extremely low (0.03 + <0.005),
representing minimal weathering of the input material from the
Antarctic continent. In “Medium” and “Fine” sediments, the Fer
content (2.37% * 0.430% and 2.01% =+ 0.387%, respectively) and
Feygr/Fer ratios (0.10 £ 0.03 and 0.13 + 0.04, respectively) are
comparable to those of the Antarctic glacial particulates (2.10% *
0.539% and 0.11 + 0.05) (Poulton and Raiswell, 2002), indicating
that sediments along the shelf of Prydz Bay primarily originate from
the weak weathering Antarctic continent. While in “Ultra-fine”
sediments, mainly from the deep Southern Ocean, the Fer content
(3.99% + 0.950%) is comparable to that of global deep sea sediments
(4.29% * 0.98%), and the Feyr/Fer ratios (0.18 + 0.03) are slightly
lower than those in global deep sea sediments (0.25 + 0.10) (Poulton
and Raiswell, 2002), indicating relatively enhanced weathering in
this sediment category.
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4.1.2 Indications of the relative content of Fec,y,
Feox1 and Fegyo

The Fe,,,/Fer ratios of the 4 grain size-based sediment
categories in our research region (0.005 + 0.003, 0.008 + 0.003,
0.013 + 0.005 and 0.005 + 0.001 for “Coarse”, “Medium”, “Fine” and
“Ultra-fine” categories, respectively) exhibit similarity (p > 0.05) to
values from oxygen-rich sedimentary environments (e.g., 0.013 +
0.004 and 0.019 + 0.007 for the South Yellow Sea and off King
George Island, respectively) (Henkel et al., 2018; Ma et al., 2018),
but are significantly (p < 0.001) lower than those from anoxic or
hypoxic sedimentary environments (e.g., 0.11 and 0.06 + 0.02 for
FOAM and the East China Sea, respectively) (Canfield, 1989; Zhu
et al,, 2012) (Figure 5). Generally, in an Fe-rich and sulfide-free
hypoxic or anoxic environment, intense microbially-mediated
dissimilatory Fe reduction promotes the transformation of Fe,y;
and Fe,,, to Fe(Il) (Canfield, 1989; Mathew et al., 2022). Under
neutral pH and oxidizing conditions, Fe(II) can rapidly oxidize to
Fe(III) and hydrolyze to Fe (hydrogen)oxides (Konhauser et al.,
2011; Ma et al, 2018). Therefore, our results indicate that the
formation and accumulation of Fe(II) are restricted in oxygen-rich
Antarctic marine environments (Meijers et al., 2010; Katsumata
et al., 2015).

Interestingly, the Fe.y,/Fer ratios of the 4 categories in our
research region (0.01 + <0.005, 0.04 + 0.02, 0.05 + 0.02 and 0.08 +
0.01 for “Coarse”, “Medium”, “Fine” and “Ultra-fine” categories,
respectively) are significantly (p < 0.001) lower than those in highly
weathered marginal seas, such as the East China Sea and off King
George Island (0.13 £ 0.03 and 0.16 + 0.04) (Zhu et al., 2012; Henkel
et al., 2018). However, the Fe,,,/Fer ratios (0.03 + <0.005, 0.05 + 0.01
and 0.06 + 0.01 for “Medium”, “Fine” and “Ultra-fine” categories,
respectively) are similar (p > 0.05) to those from the East China Sea,
South Yellow Sea, and off King George Island (0.05 + 0.01, 0.04 + 0.01
and 0.04 + 0.01) (Zhu et al., 2012; Henkel et al., 2018; Ma et al,,
2018) (Figure 5).

There are 3 potential explanations for the observed differences
in patterns between Fe,y;/Fer and Fe,y,/Fer. Firstly, the
transformation of Fe,,; to Fe., in the sediments of our study
area is restricted. Generally, the initial Fe oxides in the redox cycle
are highly reactive and amorphous: ie., Feu. Over time, Feqy
gradually transforms into more stable and crystalline Fe oxides: i.e.,
Fe,y, (Senn et al., 2017). However, the half-life of Fe oxides aging in
low temperature environments (< 0°C) is 4 - 6 times longer than in
mid-latitude areas (15°C - 20°C) (Canfield et al., 1992; Raiswell and
Canfield, 1998; Schwertmann et al., 2004). Considering the
relatively new surface sediment ages in the continental shelf of
Prydz Bay (Wu et al., 2017), the insufficient conversion time may be
responsible for the low Fe,,,/Fer ratios observed.

Secondly, there may be additional Fe,y; sources in the study
area. Icebergs are considered to be an important Feyg source to the
Southern Ocean (Lin et al., 2011; Raiswell et al., 2016; Raiswell et al.,
2018). The Fe in icebergs is often isolated by the ice, limiting Fe
contact with water and organic matter and preventing Fe from
further aging (Raiswell et al., 2016; Raiswell et al., 2018). Therefore,
a high content of ferrihydrite exists in icebergs and may rapidly
settle into sediments during melting by scavenging. However, due to
a lack of systematic studies, it is still impossible to quantitatively
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assess the importance of iceberg contributions to sedimentary Fe
pools, especially Fey;.

Finally, the dynamic equilibrium of the conversion between the
transformation from Fe,y; to Fe,y, promoted by aging and the
transformation from Fer to Fe,y; promoted by chemical weathering
(Schwertmann et al.,, 2004; Poulton and Raiswell, 2005) also
explains our Fe,y;/Fer results. In summary, these results
demonstrate that the regulation of Feyr/Fer ratio by weathering
is mainly reflected in the control of Fe,,,/Fer ratio rather than
Fe,y1/Fer ratio.

4.2 Relationship between Feyr and TOC

The correlation between Feyr and TOC was investigated in the
sediments of Prydz Bay and the adjacent Southern Ocean. Results
show a significant negative correlation between TOC and Al, and
TOC and Fer (R* = 0.53, p < 0.01; R* = 0.35, p < 0.01, Figures S2A,
B). The source of Fe in the sediments is mainly from weak-
weathered rock of the Antarctic continent (see section 4.1), while
TOC is mainly derived from primary production by phytoplankton
based on organic biomarkers (Zhao et al., 2014) and TOC/TN ratios
(Liu et al,, 2014). Therefore, the negative correlations indicate
significant differences in the sources of TOC (biogenic) versus Al
and Fer (lithogenic), and the dilution relationship between
each other.

Previous studies have shown that TOC is often positively
correlated with Feygr in surface sediments from riverine
particulates, glaciers and marginal seas (Poulton and Raiswell,
2005; Zhu et al, 2012; Roy et al, 2013; Zhu et al., 2015).
However, there is no significant (p > 0.05) correlation between
the TOC and Fegp, Fecap, Feox1 O Feyys content in the sediments of
our study area (Figures S2C-F), possibly due to the complex
sedimentary environment. Based on a wide range of samples, we
summarize and classify the relationship between TOC and Feyy in
different sedimentary environments around the world (Figure 6),
as follows.

The first scenario pertains to high TOC/Feyg ratios (> 2.5),
observed in “Fine” sediments with elevated TOC content (1.02% +
0.35%) and high OC loading (TOC/SSA = 0.62 + 0.33 mg/m?) in
this study (Table S3), as well as in anoxic environments like the
Black Sea (Wijsman et al., 2001; Jessen et al., 2017). Usually, the
extremely high TOC content and TOC/Feyy ratios in anoxic
environments are due to the reduced remineralization of TOC
(Jessen et al., 2017). In contrast, “Fine” sediments are mainly located
in the center of Prydz Bay, with shallow water depths (251 - 748 m),
and high primary productivity (412 mmol C m™ d™"), summer
particulate deposition fluxes (2515 + 1828 umol C m™ d™') and
sedimentation rates (2.9 - 8.7 g C m™2 a!) (Behrenfeld and
Falkowski, 1997; Yu et al,, 2009; Han, 2018). These conditions
favor high OC accumulation rates and OC loading (Blair and Aller,
2012). However, the effect of dilution by marine OC on Feyg
content is more significant due to the low Feyyr content caused by
inputs of relatively unweathered materials, as described in section
4.1. It should be noted that, unlike in anoxic environments, the
situation in our study area is a novel discovery in oxygen-rich polar
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Diagram of the relationship between the content of TOC and Feyg. Specific ranges of TOC/Feyg ratios characterize different sedimentary
environments, and reflect the degree of OC-Fer complexing in different environments. Data related to OC/Feyy ratios are derived from this study,
Wijsman et al. (2001); Roy et al. (2013); Jessen et al. (2017); Ma et al. (2018); Faust et al. (2021) and Zhu et al. (2012); Zhu et al. (2015). The foc-re data
are from Lalonde et al. (2012); Shields et al. (2016); Ma et al. (2018); Faust et al. (2021) and Zhao et al. (2018). OET, oxygen-exposure time; SYS, South
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marine environments and may have significant global implications
for the long-term preservation of marine OC (Liu et al., 2014).

The second scenario pertains to low TOC/Feyy ratios (< 0.6),
observed in suspended particulates of rivers with high discharge
rates (the Amazon River and the Yellow River) (Poulton and
Raiswell, 2005) and deep-sea sediments (Lalonde et al. (2012) and
this study). In the former, there are substantial inputs of terrestrial
materials (OC and Feyp) to the ocean; however, more than 90% of
the OC is remineralized into CO, (Aller and Blair, 2006), and most
Feyp is oxidized and crystallized into hematite, which has relatively
poor bioavailability (Zhao et al., 2018, and references therein), due
to frequent physical transformations and rapid redox cycling. In the
latter, such as “Ultra-fine” sediments in this study, the prolonged
oxygen exposure time of OC in deeper waters (> 3000 m) promotes
OC remineralization, and the enhanced weathering leads to more
Fepr development (Poulton and Raiswell, 2002).

The third scenario pertains to sediments with both low TOC
and Feypr content, such as “Coarse” and “Medium” sediments in
this study, and in icebergs (Poulton and Raiswell, 2005). The former
are usually located at the front edge of Amery Ice Shelf or in shallow
waters where sea ice cover persists for extended periods, resulting in
low rates of OC deposition (1.1 - 5.7 g C m~2a™") (Yu et al, 2009)
and limited TOC accumulation in sediments (Mayer, 1994; Blair
and Aller, 2012). Additionally, weak weathering hinders the
development of Feyp.
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The final scenario pertains to mid-range TOC/Fey ratios (0.6 -
2.5), including typical riverine particulates and marginal shelf
sediments (Poulton and Canfield, 2005; Roy et al., 2013). In this
scenario, there is a significant positive correlation between TOC and
Fepgr, as both are derived from terrestrial sources and interact with
each other to form OC-Feyr complexes through adsorption/
coprecipitation. These complexes are then transported to the
coastal and shelf sediments and preserved for extended periods
(Faust et al, 2021). Therefore, mid-range TOC/Feyg ratios
represent the characteristics of the residual portion of relatively
stable terrestrial OC (Poulton and Raiswell, 2005; Lalonde et al,,
2012; Roy et al., 2013; Faust et al., 2021).

Based on the preceding discussion, we have deduced that the
TOC/Feyp ratios to some extent can reflect the degree of OC-Feyr
complexing in various environments. This implies that the
contribution of Feyr to OC preservation may differ across
different sedimentary settings. For example, in continental shelf
marginal sea sediments with mid-range TOC/Feyp ratios, the foc e
is 16.1% + 9.5% (n = 73) (Lalonde et al., 2012; Salvado et al., 2015;
Shields et al., 2016; Ma et al., 2018; Faust et al., 2021). In the mobile
mud area of the Changjiang Estuary, characterized by low TOC/
Feygr ratios, the foc re is only 8.1% + 4.2% (n = 26) (Zhao et al,,
2018). In the deep-sea sediments with prolonged oxygen exposure,
the focre is 13.7% + 8.7% (n = 13) (Longman et al, 2022).
Therefore, we propose that the foc . may exhibit significant
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variation across different sediment categories in Prydz Bay and the
adjacent Southern Ocean. However, research on the focpe in
Antarctic marine sediments is scarce, with only one Antarctic
deep sea sediment out of 406 samples worldwide (Lalonde et al.,
2012; Longman et al, 2022). Further research on the foc re in
Antarctic marine sediments is necessary in consideration of the low
Fepr/Fer ratios and complex TOC/Feyy ratios.

5 Conclusion

The Feyr/Fer ratios observed in marine sediments from Prydz
Bay and the adjacent Southern Ocean are similar to those in the
Antarctic glacial particulates, but lower than those in global riverine
particulates and modern marine sediments. This suggests that Feyr
is mainly derived from the Antarctic bedrock with weak weathering.
Our Feyp/Fer ratios are also lower than those in sediments from the
Arctic Barents Sea, off the Antarctic Peninsula and King George
Island, likely due to the slower glacier melting. The Fe,;/Fer ratios
in our study area are equivalent to, those in sediments from other
continental shelf marginal seas with intense weathering, but the
Feoxo/Fer ratios are lower. This indicates that there is a potential
inhibitory effect of low temperatures on aging of iceberg melting
Fe,yx1, and the regulation of weathering on Feyygr/Fer ratio is mainly
reflected in Fe,y,/Fer ratio. There is no significant correlation
between TOC and Feyg, Feca, Feox1 Or Feyyo content, due to the
complex and diverse sedimentary environments in the research
region: “Fine” sediments with high TOC/Feyy ratios, TOC content,
OC loading and low Feygr content, “Ultra-fine” sediments with
contrary characteristics, and “Medium” and “Coarse” sediments
with both low TOC and Feyr content.
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environmental conditions in
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Hangzhou, China, 3College of Oceanic and Atmospheric Sciences, Ocean University of China,
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Siliceous microplankton is an effective proxy for connecting modern and past
marine environments; however, radiolarians have been understudied in Prydz
Bay, Eastern Antarctica. This study investigated the changes in the siliceous
microbiota fluxes and radiolarian assemblages captured in a 1-year time-series
sediment trap (February 2014 to February 2015, ~490 m water depth) in the
polynya of Prydz Bay. The results exhibited the strong seasonality in the
radiolarian assemblages and the fluxes of radiolarians, diatoms, silicoflagellates
and sponge spicules, with low numbers in winter and high numbers in summer.
Seasonal variations in the sea ice and plankton community were critical in these
patterns. The total radiolarian flux (TRF) displayed three peaks with higher flux
than the annual average TRF over the year, all of which occurred in summer.
These TRF peaks were mainly driven by seasonal fluctuations of sea ice, primary
productivity, grazing pressure caused by phytophagous zooplankton and
resuspension of small radiolarians in the surface sediments induced by
modified Circumpolar Deep Water (mCDW) intrusion onto the shelf. There
were also two notable low-TRF stages, mainly related to full sea-ice coverage
and high grazing pressure. Two dominant assemblages were recognized by
means of Q-factor analysis. Dominant assemblage one was composed of three
small-sized taxa, Antarctissa sp., Phormacantha hystrix and Plectacantha
oikiskos, which could be used as a proxy for primary productivity in the
Marginal Ice Zone (MIZ) in Prydz Bay. Dominant assemblage two was
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composed of Antarctissa strelkovi and Antarctissa denticulata, with A. strelkovi
dominating. The high flux and high relative abundance of A. strelkovi marked the
extension of Ice Shelf Water (ISW) to the shelf area in Prydz Bay. These findings
will provide new insights and reliable proxies for modern and paleoceanographic
research in the Southern Ocean.

KEYWORDS

Prydz Bay, siliceous microplankton flux, radiolarian assemblage, seasonal variation,
polynya, primary productivity, Ice Shelf Water

1 Introduction

The Southern Ocean, a key area for study of the interactions
between seawater, sea ice, and the atmosphere and their effects on
the climate system, plays a key role in the global carbon and silicon
cycles (e.g., Xiao et al., 2016; Meredith et al., 2019; Huguenin et al.,
2022). In recent decades, the marine environment and ecosystem of
the Southern Ocean have undergone remarkable and rapid changes,
of which sea ice is a crucial variate (e.g., Schmidt et al., 2018;
Meredith et al., 2019). The MIZ is the transition zone between the
open (ice-free) ocean and dense pack ice, where sea-ice algae
contributes to the biological pump via the seeding of sea-ice-edge
blooms (Szymanski and Gradinger, 2016; Yoshida et al., 2020; Louw
et al.,, 2022). These blooms are thought to account for
approximately 50% of total primary production of MIZ, despite
the composition of the phytoplankton community is still debated
(Deppeler and Davidson, 2017; Louw et al., 2022).

Coastal polynyas in the waters around the Antarctica continent
are also unique marine ecosystems with low ice cover and high rates
of primary production due to the combination of high sunlight and
high nutrients, especially iron supply (e.g., Arrigo et al.,, 2015;
McCormack et al., 2017).These areas support critical food sources
for abundant top predators, including seals, penguins, and
albatross. In austral spring and summer, the surface waters of
polynya and their primary producers also undergo processes
experienced in the MIZ. For example, sea ice algae varies
dramatically in a short period of time in response to light,
temperature, pH, and nutrient and gas concentrations (Arrigo,
2017; McMinn, 2017; Yoshida et al, 2020), which in turn cause
changes in the feeding strategies of phytophagous zooplankton
(copepods and krill) to cope with temporally and spatially
changing food availability (Yang et al., 2013). This process has an
important impact on the biological pump efficiency and its seasonal
variations in polynya areas (Han, 2018; Yang et al.,, 2019).

Prydz Bay is the largest shelf sea in Eastern Antarctica, contains
one of the most productive Antarctic coastal polynyas characterized
by high localized primary productivity and zooplankton abundance
(Arrigo and van Dijken, 2003; Yang et al., 2019), making it a
window to study the marine ecosystem, biological pump efficiency
and carbon cycle of the Southern Ocean (Arrigo et al., 2015; Han
et al, 2019). The coastal polynyas in Prydz Bay are also believed to
be one of important sources in the formation of Antarctic Bottom
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Water, with supercooled water originating from the Amery Ice Shelf
(AIS) and West Ice Shelf (WIS) (Shi et al., 2011; Williams et al.,
2016; Ohshima et al., 2022). This supercooled water, known as Ice
Shelf Water (ISW), has been studied in terms of its spatial
distribution and source (e.g., Yabuki et al., 2006; Shi et al., 2011;
Zheng et al,, 2011; He et al,, 2016), yet there is still a lack of effective
indicators for the northward extension of ISW and the associated
records of ice shelf expansion over a longer time scale. In this
regard, radiolarians in water and sediment may provide a potential
solution to this problem.

Siliceous microplankton is an important agent of organic carbon
cycling in the global ocean (Matul and Mohan, 2017), with
radiolarians being a key group of planktonic communities that
connect the micro-food loop and ocean food web (Steineck and
Casey, 1990; Suzuki and Not, 2015). Radiolarians play important
roles in various marine ecosystems and have been identified as
powerful tools for paleoceanographic study (Takahashi, 1991),
particularly in high-latitude areas of the Antarctic Ocean that lack
calcareous sediments (Abelmann and Gowing, 1997). Their wide
range of biodiversity and unique ecosystem regime provide a
potentiality for paleoclimate study in the Southern Ocean (Lawler
et al, 2021; Lowe et al,, 2022). Knowledge of radiolarian ecology is
essential for paleoceanographic reconstructions (Takahashi, 1991),
and the time-series moored sediment trap is an effective way to assess
the production rate, seasonality and distribution pattern of
radiolarians in the water column. In the past few decades, sediment
traps have been widely used to observe annual and seasonal changes
of radiolarians and to study their ecological significance and
relationship with the marine environment in Northern Hemisphere
oceans (e.g., Boltovskoy et al., 1996; Takahashi et al., 2000; Ikenoue
et al., 2012; Matul and Mohan, 2017). By contrast, only a few studies
have been devoted to modern radiolarians in the Southern Ocean,
mainly focusing on their spatial and temporal distributions in the
Atlantic sector. These studies have shown that the obvious seasonal
variations of radiolarians, characterized by short-term flux pulses
during the austral summer, which are linked to variations in sea-ice
coverage and also affected by phytoplankton production,
“scavenging” by zooplankton grazers (e.g., krill and copepods), and
lateral transport (e.g, Abelmann, 1992a; Abelmann and Gowing,
1997; Suzuki and Not, 2015; Boltovskoy, 2017). Additionally, distinct
differences in the species composition were observed in the neritic
and pelagic environments. For example, the relative abundances of
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the Antarctissa denticulatalstrelkovi group were 50% and 36% in the
upper and lower traps in the Drake Passage, respectively, but these
species rarely appeared in the traps sited in the Bransfield Strait and
the Powell Basin (Abelmann, 1992b).

In Prydz Bay, previous trap-based studies have focused on
particle fluxes, primary production and the biological pump, the
trace element compositions, and the particulate barium flux and its
relationship with export production (Sun et al, 2013; Sun et al,
2016; Han et al., 2018; Han et al., 2019). However, radiolarian fluxes
and their seasonal changes in this area are still poorly understood.
This paper presents the first 1-year settling flux record of
radiolarians and other siliceous mircoplankton obtained from a
sediment trap deployed in the polynya of Prydz Bay from February
2014 to February 2015. The specific objectives of this study are to
reveal the seasonal variation of radiolarian flux and its relationship
with the marine environment, and to investigate the seasonal
variations of the dominant radiolarian species/assemblages and
their ecological significance in Prydz Bay.

2 Regional setting

The Prydz Bay Gyre, a closed cyclonic gyre, is characterized by
modern surface circulation in Prydz Bay (Figures 1A, B). It is
mainly located on the shelf area and is fed by broad inflows from the
northeast (Smith and Tréguer, 1994), as well as some water from
the Antarctic Coastal Current, a westward current that flows along
the front of the AIS and exits near Cape Darnley, bringing cold
water from the WIS (Smith et al., 1984; Nunes Vaz and Lennon,
1996). The Antarctic Slope Current flows westward along the
continental shelf break in the north of the bay (Smith et al., 1984;
Mathiot et al,, 2011). Between the Antarctic Slope Current and
Antarctic Circumpolar Current, the cyclonic Antarctic Divergence
Zone intrudes into the shelf and brings up the relatively warm and
salty Circumpolar Deep Water (Yabuki et al., 2006; Williams
et al., 2016).

Five water masses are present around Prydz Bay (e.g., Smith et al,,
1984; Yabuki et al., 2006). It has been suggested that the water mass on
the shelf is relatively simple and stable, typically composed of Antarctic
Surface Water, Shelf Water, modified Circumpolar Deep Water
(mCDW) and ISW (Figures 1C, D) (e.g., Yabuki et al, 2006;
Williams et al., 2016; Guo et al., 2019). The Antarctic Surface Water
can be divided into the Summer Surface Water (SSW) and Winter
Water. The SSW is spread above the seasonal thermocline of a vast area
of Prydz Bay south of 62°S, with a thickness of 20 to 50 m, while the
Winter Water is a thin layer of cold, salty water under the SSW, mainly
occurring north of the slope (e.g., Chen et al., 2014; Guo et al., 2019).
The mCDW can intrude into the shelf across Four Ladies Bank or
through the Prydz Channel (Figures 1B-D) (e.g., Yabuki et al., 2006;
Williams et al,, 2016; Liu et al., 2018; Guo et al., 2019). The Shelf Water
is the “memory” of the cold winter water (T < —1.5°C) under the SSW,
while the ISW is a “supercooled” water mass formed by internal
cooling beneath the ice shelves (Yabuki et al., 2006; Shi et al,, 2011), and
plays an important role in the marine environmental system of Prydz
Bay (Smith and Treguer, 1994; Williams et al., 2016). Recent studies
have revealed that the ISW occurs mainly below the seasonal
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thermocline along the front of the AIS, with a maximum depth of
600 m. This water mass is divided horizontally into several discrete
water cores, exhibiting temporal and spatial variations (Zheng et al,
2011). Although most of the ISW is concentrated west of 73°E, it can
also be observed east of 73°E during some summers, and is believed to
originate from the WIS (Zheng et al,, 2011; Williams et al., 2016).

Recent studies have reported the distribution and structural
characteristics of nutrients in Prydz Bay and its adjacent areas, with
a generalized pattern of a “front” along the shelf edge, featuring high
nutrient levels in the inner bay to the south of the front and low
levels in the slope and deep sea areas to the north (e. g. Chen et al,,
2017). The silicate content, which is closely related to radiolarian
production, displays similar characteristics. The 50 pmol kg™
contour of silicate on the shelf appears at approximately 50 m,
and then not differing markedly with increasing depth (Figure 1E).

Chlorophyll a (chi-a) concentrations in the surface water of
Prydz Bay during summer follow a similar pattern to that of
nutrients, being high in the shelf area and low in the deep sea
area. This pattern was confirmed by measurements obtained during
cruises conducted by Chinese National Antarctic Research
Expedition (e.g., Liu and Chen, 2003). Furthermore, chl-a exhibits
obvious seasonal and regional changes, as demonstrated by the
remote-sensing chl-a concentration data for 2014-2015 (Figure 2A).
This variation is mainly controlled by the seasonal changes of sea
ice, water temperature, sunlight duration and nutrient content (e.g.,
Sun et al., 2012).

Sea ice extends to approximately 57°S during winter and
generally retreats back to the inner bay in summer, but some
multi-year sea ice may exist in coastal areas (Figure 2B). In the
austral summer, sea ice undergoes bidirectional melting because of
the polynyas in Prydz Bay, retreating from north to south in the
outer bay and from south to north in the inner bay (Zheng and Shi,
2011). Sea ice in Prydz Bay is reported to generally begin thawing in
October, with the most rapid decrease in the sea-ice concentration
(SIC) in November. This melting is primarily manifested internally
within the sea ice. From December, melting is mainly observed as a
decrease in sea-ice coverage area. March is the primary stage of sea-
ice growth, which is characterized by rapid expansion of the sea-ice
edge and increasing SIC in polynyas (Zheng and Shi, 2011; and
reference therein).

3 Material and methods
3.1 Sediment trap samples

A mooring system was deployed for 1 year at Station M8 (68.49°S,
75.38°E, 620 m water depth) in Prydz Bay polynya from February 27,
2014 to February 12, 2015 (Han, 2018). This system carried a
Mark78H-21 sediment trap (McLane Inc., East Falmouth,
Massachusetts, USA), an RBRsolo T temperature sensor (moored
at ~282 m, RBR Ltd., Ottawa, Canada) and an SBE37-SM
conductivity-temperature-depth sensor (moored at ~582 m, Sea-
Bird Scientific, Bellevue, Washington, USA) (Figure 1). The time-
series trap with 21 rotary sample cups was installed at ~490 m water
depth. The cups were filled with filtered seawater that had been pre-
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Schematic plots of the survey station and environmental setting of Prydz Bay and adjacent areas, Eastern Antarctica. (A) Schematic diagram of the
Antarctic region. The light red shaded area of the closed loop represents the flow width of the ACC. (B) Station M8 (yellow five-pointed star) and
modern surface circulation (arrows) in Prydz Bay. The black solid line (SS') represents the hydrological location of section 75.5°E in (C—E). Major
current systems (modified from Wu et al., 2019; Zhu et al., 2019): ACC, Antarctic Circumpolar Current; ADZ, Antarctic Divergence Zone; ASC,
Antarctic Slope Current; CoC, Antarctic Coastal Current; PBG, Prydz Bay Gyre. Major geomorphic units: PC, Prydz Channel; FLB, Four Ladies Bank;
FB, Fram Bank; AB, Amery Basin; AIS, Amery Ice Shelf; WIS, West Ice Shelf. (C—E) show the water masses and their temperature, salinity and silicate
profiles (section 75.5°E) near Station M8. The data set representing the climatological annual mean between 1955 and 2010, were obtained from the
World Ocean Atlas 2018 (https://odv.awi.de/data/ocean/world-ocean-atlas-2018). Major water masses: SSW, Summer Surface Water; WW, Winter
Water; SW, Shelf Water; ISW, Ice Shelf Water; mCDW, modified Circumpolar Deep Water. White vertical solid lines indicate the location of Station

M8. Red squares mark the depths at which the temperature sensors were installed, and yellow inverted triangles indicate the position of the

sediment trap.

treated with 1.67% mercuric chloride solution to prevent degradation
of organic matter by microbial activity (Han et al.,, 2019). Because of the
differences in primary productivity and SIC in Prydz Bay during austral
summer and winter, the sampling interval was set at approximately 1
week (7 to 9 days) from December to February and at half a month or 1
month (15 or 30 days) between March and November (Table S1). After
recovery of the trap, all samples were sieved using a 1-mm mesh nylon
sieve to remove zooplankton swimmers. Particulates < 1 mm were
then divided into equal aliquots with a McLane wet sample divider
(WSD-10). Radiolarian and diatom slides were produced from 19 of
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the samples; however, this was not possible for cups 6 and 8 due to
insufficient sample size.

3.2 Slide preparation and identification

Quantitative radiolarian and diatom slides were prepared
according to the methods developed based on the previous
studies (Wang et al., 2006; Zhang et al.,, 2009; Ren et al,, 2021;
Ran et al, 2022). Subsamples of each aliquot (1/32 to 3/32,
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FIGURE 2

60 100

Seasonal distributions of chlorophyll a and sea-ice concentrations (2014-2015) in Prydz Bay and adjacent areas. (A) Seasonal chlorophyll a
concentration data in the surface ocean derived from Aqua-MODIS products (https://oceanwatch.pifsc.noaa.gov/erddap/griddap). The durations of
autumn, spring and summer were defined as March 01 to June 01, 2014; September 01 to December 01, 2014; and December 01, 2014 to March
01, 2015, respectively. (B) Seasonal sea-ice concentration data obtained from the climatology data set (2014-2015) of the National Snow and Ice
Data Center (https://nsidc.org). The durations of autumn, spring and summer were defined as March—April-May, September—October—November,

and December—January—February of 2014 and 2015, respectively.

depending on sample amount) were treated with HCI (~10%)
and H,0, (~30%) to generate residues. The mixtures were then
stirred and diluted with distilled water four times to remove excess
HCI and H,0,, as well as the reaction solution. The remaining
particles were collected to a constant volume of 50 or 100 mL
for slides.

For each radiolarian slide, an aliquot of a known amount (1 to
40 mL, depending on the particulate content) of the residue was
dropped on a cover glass (24 x 50 mm) settled in a Petri dish
containing gelatin solution. For each diatom slide, an aliquot of a
known amount (0.1 to 3 mL, depending on the particle content) of
the residue was diluted to 20 mL and mixed with 2 mL gelatin
solution, then dropped on two cover glasses (24 x 24 mm) settled in
a Petri dish. After 1 h (for radiolarian slides) or 24 h (for diatom
slides) of settling time, the supernatant in the dish was removed
with bibulous paper. When the materials had completely dried, each
cover glass was transferred onto a labeled slide. These permanent
slides were mounted with NOA61 UV-sensitive glue (nD = ~1.56,
Norland Products, Inc, USA).

All the radiolarians (refer to polycystine radiolarian in this
paper), sponge spicules and lithogenic debris in each radiolarian
slide were counted under a Leica DM 750 light microscope at x200
magnification. Radiolarians were identified from plates in references
(e.g., Petrushevskaya, 1967; Petrushevskaya, 1971; Takahashi, 1991;
Abelmann, 1992a; Abelmann, 1992b; Boltovskoy, 1999; Boltovskoy
et al.,, 2010) and an online radiolarian website (http://
www.radiolaria.org). Sponge spicules were mainly identified
according to two books (Boury-Esnault and Rutzler, 1997; Hooper
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and van Soest, 2002). Lithogenic debris (< 1 mm) was counted
directly. Diatoms and silicoflagellates in each diatom slide were
counted with a Motic BA410E microscope at x400 or x1000
magnification, and were mainly identified using the plates of
Zielinski (1993). Only siliceous specimens with intact main bodies
(> 2/3 shell) were counted.

3.3 Statistical data analysis

3.3.1 Total particle fluxes
The total radiolarian flux (TRF) in each sample was calculated
using the following equation:

N xS

TRF=z——————
nxsXfxAxT

where TRF is expressed in skeletons m 2 day ', N is the total
number of radiolarians counted under the microscope, S is the area
of the petri dish (mm?), n is the number of fields of vision in which
radiolarians were counted under the microscope, s is the area of one
field of vision (mm?), fis the proportion of the sample used for the
quantitative slide, A is the area of the funnel mouth (m?) of
sediment trap, and T is the duration of each sampling
interval (days).

Similarly, the totals of diatom flux (TFgjaiom) silicoflagellate flux
(TFiico)> sponge spicule flux (TF), lithogenic debris flux (TFji,),
and each identified radiolarian species flux (SF) in each sample were
estimated using this formula.
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3.3.2 Relative abundance
The relative abundance (RA) of every identified radiolarian
species in each sample was calculated by the following equation:

N,
RA = —% x 100 %
N

where Na represents the number of specimens of a given
radiolarian species identified in a sample, and N represents the
total number of all radiolarian specimens identified in the same
sample. This parameter can reflect the contribution of each species
to TRF in each sample to some extent.

3.3.3 Q-mode factor analysis

Due to the limited sample material for radiolarians analysis
from the sediment trap (splits of 1/32 to 3/32 of the total sample),
fewer than 300 radiolarians could be counted in some samples,
particularly samples collected during winter at times of low flux.
Therefore, conventional Q-factor analysis, which involves selecting
species with relative abundance > 2% (Wang et al., 2006), was not
suitable for studying changes in radiolarian assemblages. To address
this issue, two new parameters, the average contribution rate (ACR)
and relative contribution rate (RCR), were introduced to screen the
dominant species/assemblages of radiolarians and to reduce
statistical deviation caused by insufficient sample size. They were
calculated as described below.

(1) First, the average TRF and SF values for all 19 samples (i.e.,
annual average, 290 days in total) were calculated and referred to as
TRF,y. and SF,., respectively.

(2) Second, the ACR of every species through the year (ACRgg)
were estimated, representing the average contribution rate of each
species to all radiolarian assemblages over the year, using the
following equation:

ACRg = SF,.. /TRF,. x 100%

(3) Third, the RCR of every species in each sample (RCRgg) was
estimated, representing the ratio of each SF in every sampling
interval to TREF,,., reflecting the time series variation of the
contribution of each species to the total radiolarian flux. This was
calculated using the following equation:

RCRg: = SF/TRF,,, x 100%

Species with ACRgr > 2% in at least one sample are identified as
dominant species, and their RCRgg were analyzed by the Q-factor
analysis module (CABFAC) of the PAST software (version 4.06b)
(Hammer et al., 2001).

4 Results
4.1 Seasonal variation of TRF

TREF in Prydz Bay polynya from 2014 to 2015 was low in winter
and high in summer, exhibiting time-series variation that was

notably different from that of total mass flux (TMF) after October
2014 (Figures 3B, C). The TRF,y.. of 19 samples was 4070 skeletons
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m™2 d'. Three radiolarian flux peaks (RFP) with high TRF (>
TRF,. ) were observed throughout the year, contributing 55.5% of
the total annual radiolarian count (Table 1; Figure 3C). Specifically,
the highest TRF of the year (30850 skeletons m > d ') was observed
during the first RFP period (RFP-1) in late summer to early autumn
2014 (February 27 to March 14), which was five to six times greater
than the maximum values in later peaks, and represented 39.2% of
total annual radiolarian count. After late March 2014, TRF
decreased sharply with the rapid increase of SIC (Figures 3A, C).
During autumn and winter (March 14 to September 10, 2014), the
average TRF was only 2070 skeletons m > d™'. After October, TRF
increased markedly, and the second RFP peak (RFP-2) occurred in
late spring 2014 (November 9 to December 1). The average TRF
during RFP-2 was approximately 5420 skeletons m™> d7',
contributing 10.1% of the total annual radiolarian count (Table 1;
Figure 3C). Subsequently, during the early summer (December 1,
2014 to January 19, 2015), there was a low-TRF stage lasting 7
weeks, with an average of only 1360 skeletons m > d”', even lower
than the rate in winter. From that time, TRF increased again, and
the third RFP (RFP-3) occurred in mid-summer (January 19 to
February 3), with an average of ca. 4850 skeletons m2d?l,
representing 6.2% of total annual radiolarian count (Table 1;
Figure 3C). In the last sampling interval of the year, TRF was
approximately 3650 skeletons m™> d™".

4.2 Seasonal variation of other
particle fluxes

The time-series changes of TFgjaom and TFgjco also showed
seasonality, high in summer and low in winter (Figures 3D, E),
similar to TMF but different from TRF (Figures 3B, C). The annual
average values were 53.6 x 10° valves m > d ™" for TFy;,om and 0.8 x
10° skeletons m™2 d™! for TFqjico (Table 2). In detail, both diatoms
and silicoflagellates exhibited flux peaks during RFP-1, which were
also their highest fluxes of the year, with TFgisom and TFgjico Of
approximately 535.1 x 10° valves m™> d™' and 9.0 x 10° skeletons
m 2 d7', respectively, representing 51.7% and 55.4% of the total
annual counts of diatoms and silicoflagellates, respectively
(Table 2). Subsequently, both types of microbiota experienced a
long low-flux stage lasting 9 months, and displayed second flux
peaks simultaneously with TMF in the middle of summer 2014
(December 15 to 29). During these sampling intervals, the average
TFyiatom and TEqico were 172.4 x 10° valves m > d ' and 1.3 x 10°
skeletons m > d ", respectively, accounting for approximately 15.5%
and 7.5% of total annual diatoms and silicoflagellates, respectively
(Table 2; Figures 3D, E). Both of these fluxes were much lower than
those during RFP-1.

The seasonal variation of TF was notably different from those of
other siliceous microplankton (Figures 3C-F). The annual average
TF,, was approximately 0.7 x 10 spicules m > d™*, with a maximum
of ca. 6.0 x 10 spicules m™> d™" occurring from late autumn to
early summer (November 24 to December 1) (Table 2; Figure 3F).
Over the same period, TFj, also exhibited the highest peak of the
year, with a maximum of approximately 5.0 x 10> particles m > d ",
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FIGURE 3

Time-series variations of particle fluxes, SIC (%) and Chl-a (g L™ in Prydz Bay polynya. (A) Distributions of SIC (%) and Chi-a (ug L™Y). SIC data were
retrieved from the University of Bremen (http://www.iup.uni-bremen.de:8084/amsr2); Chl-a data from the Aqua-MODIS products (http://hermes.
acri.fr). (B) TMF, total mass flux (Han, 2018). (C) TRF, total radiolarian flux. RFP-1-3 are three radiolarian flux peaks (black dotted lines). (D) TFgiatom:
total diatom flux. (E) TFgico. total silicoflagellate flux. (F) TFss, total sponge spicule flux. (G) TFwno. total lithogenic debris (< 1 mm) flux. The width of
each bar in the histogram indicates the sampling interval, and black hollow inverted triangles mark samples that were not analyzed because the

sample size was too small.

and another peak occurred at the same time as RFP-1, with
approximately 2.9 x 10> particles m™ d”'. The annual average
TFmo Was ca. 1.1 x 10° particles m~2d™! (Table 2; Figure 3G).

4.3 Q-mode factor analysis

Following the method outlined in section 3.3.3, 15 dominant
radiolarian species were recognized with ACRgg > 2% (Figures 4B,
C, 5); the sum of these ACRs was 85.2%. A Q-mode factor analysis
based on the RCR values of these 15 species yielded two varimax
factors (Table 3), which explained 84.3% of the total population
information. Factor one was composed of three small taxa:
Antarctissa sp., Phormacantha hystrix and Plectacantha oikiskos
(Figures 5A-E), with ACR values of 15.0%, 13.1% and 10.6%,
respectively. Factor two was composed of Antarctissa strelkovi
and Antarctissa denticulata (Figures 5F-I), with ACR values of
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12.4% and 2.7%, respectively. The sum of these five ACR values was
53.8% (Table 3; Figure 4C).

4.4 Variations of the two dominant
assemblages

Dominant assemblage one, i.e., factor one, was the most
abundant assemblage in Prydz Bay polynya, with an annual
average flux of approximately 1570 skeletons m™> d'. This
assemblage exhibited time-series variation similar to that of TRF
(Figures 3C, 4B, 6A). During RFP-1, the flux of dominant
assemblage one (FDAI) reached its maximum value (10440
skeletons m™ d™') of the year (Figure 6A), as did the fluxes of
the three small taxa of assemblage one (Figure 4B). Of these taxa,
the flux of Antarctissa sp. was approximately 4180 skeletons m™>
d™!, which was also the highest flux of all radiolarian taxa, while the
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TABLE 1 Seasonal variations of TRF from the trap in Prydz Bay polynya.

Sampling Season Total Sampling Contr. rate to total Ratio to
period days intervals Rads** TRF e ***
Late summer to early
1 2014.02.27-03.14 autumn 15 1 30850 39.2% 7.6 RFP-1
2 2014.03.14-09.10 Autumn to winter 150 5 2070 26.3% 05
3 2014.10.10-11.09 Early spring 30 1 3790 9.6% 0.9
4 2014.11.09-12.01 Late spring 22 2 5420 10.1% 13 RFP-2
2014.12.01- Early to middle
5 49 7 1360 5.7% 03
2015.01.19 summer
6 2015.01.19-02.03 Mid-summer 15 2 4850 6.2% 1.2 RFP-3
7 2015.02.03-02.12 Late summer 9 1 3650 2.8% 0.9
2014.02.27-
8 Annual 290 19 4070%0% 100% 1
2015.02.12

*Average flux of radiolarians during the sampling period (unit: skeletons m > d™"); note that a sampling period may contain more than one sampling interval. Ave. TREF is calculated by summing
(TRF value x number of days) for all sampling intervals within the sampling period, and dividing this value by the total number of sampling days during the sampling period. The data are
rounded to the nearest ten digits.

**Contribution to the total number of radiolarians, i.e., the proportion of radiolarians during the sampling period to the total number of radiolarians for the year. The contribution is calculated as
Ave. TRF multiplied by the total number of sampling days, then divided by the total annual sinking radiolarians (290 days multiplied by 4070 skeletons m d"). The sum of these numbers is
slightly less than 100% because of rounding during the operation.

***Ratio of the average radiolarian flux during the sampling period to TRE,,., which is calculated by Ave. TRF divided by TRE,,., (4070 skeletons m ™2 d™"). According to this parameter, there
were three radiolarian flux peaks for which this value was greater than one.

#HTRF,ye, is calculated by the sum of TRF in each of the 19 sampling intervals multiplied by the corresponding number of sampling days, then divided by the total number of sampling days

(290 days).

fluxes of P. hystrix and P. oikiskos were 3480 and 2780 skeletons m >
d™', respectively (Table 4; Figure 4B). From April to September,
FDA1 experienced a low-flux stage similar to TRF, and then
gradually increased from October and reached its second peak of
the year during RFP-2 (Figure 6A). However, FDA1 and the fluxes
of its three taxa during RFP-2 were markedly lower than those
during RFP-1, with FDA1 of approximately 2850 skeletons m > d ™"
and taxon fluxes of ca. 1250 skeletons m™> d™! (Antarctissa sp.), 880
skeletons m™> d™' (P. hystrix) and 720 skeletons m2 d! (P
oikiskos) (Table 4; Figure 4B). From December to the following
February, their fluxes exhibited a synchronous decline from peaks
to low values. Although slight increases were observed during RFP-
3 in mid-January 2015, they did not reach the same peak as RFP-2,

and the average FDA1 was only approximately 510 skeletons m™>
d™! (Table 4 Figure 6B).

Dominant assemblage two, i.e., factor two, was composed of A.
strelkovi and A. denticulata, showed time-series changes that were
different from those of TRF (Figures 3C, 4B, 6B). The flux of
dominant assemblage two (FDA2) was lower than that of FDAI
(Figures 6A, B), with an annual average value of ca. 620 skeletons
m™>d™" (Table 4). Two peaks of FDA2 occurred during RFP-1 and
RFP-3, with average values of 4640 and 3370 skeletons m > d ™',
respectively. In the last sampling interval of the year, FDA2 reached
2350 skeletons m ™2 d ', much higher than the value of 80 skeletons
m2d?! during RFP-2 (Table 4; Figures 4B, 6B). In the other 13
sampling intervals, the average FDA2 was less than 150 skeletons

TABLE 2 Seasonal features of the fluxes of siliceous microorganisms and lithogenic debris from the trap in Prydz Bay polynya.

First flux peak

Second flux peak

Particle fluxes Annual
Samplin
Ave*  Max. pling Ave **
period
2014.02.27-
1 Diatom/x10° vales m™? d™! 53.6 535.1 535.1
03.14
Silicoflagellate/x10° 2014.02.27-
2 0.8 9.0 9.0
skeletons m™> d™* 03.14
Sponge spine/x10° 2014.02.27-
3 0.7 6.0 4.6
spicules m? d! 03.14
Lithogenic debris/ x10° 2014.02.27-
4 Lo 5o 1.1 5.0 29
individuals m™ d 03.14

Contr. rate to Sampling Ave #* Contr. rate to
total fluxes*** period : total fluxes***
2014.12.15-
51.7% 172.4 15.5%
12.29
2014.12.15-
4 1. 59
55.4% 1229 3 7.5%
2014.11.09-
2' [ 5 3 0
32.9% 1208 39 53.8%
2014.11.09-
14.2% 4.1 38.2%
12.08

*Annual average flux.
**Average flux in the corresponding sampling period.

***Contribution to total fluxes, representing the proportion of particles (siliceous particles and lithogenic debris) during the corresponding sampling period to the total annual sinking fluxes.

Calculations are as in Table 1.
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Time-series variations of the dominant species fluxes, SIC (%) and Chi-a (ug L™) in Prydz Bay polynya. (A) SIC (%) and Chl-a (ug L™). SIC data were
retrieved from the University of Bremen (http://www.iup.uni-bremen.de:8084/amsr2); Chl-a data from the Aqua-MODIS products (http://hermes.
acri.fr). (B) DSF, dominant species flux. RFP-1-3 are the three radiolarian flux peaks, (black dotted boxes). The width of each histogram box indicates
the sampling interval, and black hollow inverted triangles mark samples that were not analyzed because the sample size was too small. Orange and
blue dotted boxes indicate dominant assemblages one and two, respectively. (C) ACR_gf, average contribution of each species flux.

m > d7' (Figure 6B). Notably, A. strelkovi dominated this
assemblage, with the flux of A. strelkovi in each sample being
much higher than that of A. denticulata (Table 4; Figures 4B, C).
The annual average flux of A. strelkovi was approximately 510
skeletons m™> d™', almost five times that of A. denticulata. The
maximum flux of A. strelkovi was ca. 3940 skeletons m™> d ™" during
RFP-1, whereas the maximum for A. denticulata was only 590
skeletons m™> d~' in RFP-3 (Table 4; Figure 4B).

The relative abundances of the two dominant assemblages
exhibited opposite trends, with obvious seasonal changes
(Figure 6C). During RFP-1, the relative abundance of dominant
assemblage one (RADA1) was approximately 33.8%, slightly lower
than the annual average (35.7%). RADA1 maintained an upward
trend and reached its maximum value (55.9%) in RFP-2, with an
average value of 53.5% during that interval (Table 4). During the
same period, the relative abundance of dominant assemblage two
(RADA2) gradually decreased from 15.0% to 0%, averaging 1.1%
during RFP-2 (Table 4; Figure 6C). Following the end of RFP-2,
RADAT1 decreased rapidly, reaching a minimum (8.5%) of the year
by the end of RFP-3, with an average value of 10.8% during that
interval. Simultaneously, RADA2 increased steeply, reaching a
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maximum of 74.7% in RFP-3, with an average of 68.5%
(Table 4; Figure 6B).

5 Discussion

5.1 Seasonal variability of TRF and its
controlling factors

5.1.1 RFP-1 during late summer 2014

In the late summer of 2014, the dramatic changes in sea ice
during RFP-1 (February 27 to March 14, 2014) likely contributed to
the peak in siliceous microbiota fluxes (except for TF) at the same
time as TMF (Figure 3). The daily SIC data showed that sea ice
began to grow from February 17, 2014 at Station M8, with dramatic
daily fluctuations and SIC was more than 80% to March 14, 2014
(Figure 3A), suggesting the rapid sea-ice gain and melting in situ
during this period, rather than drifting from other area. During
periods of dramatic changes in daily SIC, the coagulation of effective
ballast and large amounts of organic matter (90% diatoms) had a
marked effect on TMF (Han et al., 2019), consistent with the fluxes
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TABLE 3 ACRse and varimax factor score matrix of dominant radiolarian species from the trap in Prydz Bay polynya.

10.3389/fmars.2023.1135900

Specie Name ACRse/% Factor 1 Factor 2
Antarctissa sp. 15.0 2.488 0.305
Phormacantha hystrix 13.1 1.809 0.047
Antarctissa strelkovi 12.4 -0.391 3.637
Plectacantha oikiskos 10.6 1.688 0.173
Lithomelissa setosa 4.4 0.792 0.011
Pseudocubus sp. 3.9 0.495 0.158
Phormacantha group 3.6 0.835 0.043
Antarctissa longa 35 0.170 0.540
Peridium longispinum 3.1 0.420 0.016
Plectacantha group 2.8 0.641 -0.038
Botryopera sp. 2.8 0.184 0.202
Antarctissa denticulata 2.7 0.026 1.126
Peridium sp. 2.5 0.500 0.012
Ceratocyrtis histricosus 2.4 0.240 0.048
Euscenium corynephorum 24 0.084 0.115

The bold values represent the factor scores of the five dominant taxa recognized in factors 1 and 2, respectively.

of diatoms and silicoflagellates (Figures 3D, E). The abundant
organic matter was also beneficial to radiolarians, as evidenced by
the notable positive correlations of the numbers of diatoms and
silicoflagellates with the number of radiolarians in the trap, with
correlation coefficients (R?) of 0.70 and 0.84, respectively (Table 5).
However, these relationships are rapidly decoupled when the data
for RFP-1 are removed (Table 5), further confirming the
importance of phytoplankton to radiolarian production during
RFP-1.

Furthermore, the grazing pressure of radiolarians during RFP-1
may have been lower. Previous studies in western Antarctica
suggested that at least some copepods stop feeding and become
dormant in early March (Schnack-Schiel et al., 1991), and
cultivation experiments in Prydz Bay have also shown that
copepods mainly feed on ciliates in the shelf area near Station M8
during the late austral summer, with low consumption of the
phytoplankton standing stock. Phytoplankton thus mainly
supplied the predation demand of micro-zooplankton (Li et al,
2001; Yang et al., 2013). This is further supported by the lowest flux
of zooplankton swimmers in the same trap in March (Yang et al.,
2019), as well as 13 of 15 dominant species reaching their highest
flux over the year at that time (Figure 4B). Similarly, the fluxes of
two dominant assemblages both exhibited their highest values of the
year at the same time (Table 4; Figures 6A, B), indicating that the
radiolarian fauna had a general advantage in competition during
RFP-1.

5.1.2 Low TRF during autumn to winter in 2014
The 6-month low-TRF stage in autumn and winter (late March

to late September, 2014) was mainly attributed to the full sea-ice

coverage in the polynya (Figures 3A, C), which reduced solar
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radiation and limited photosynthesis by phytoplankton below the
sea ice, resulting in a shortage of food for radiolarians. Additionally,
the abundance of zooplankton in the waters below the sea ice was
not very low, and some zooplankton (such as krill) may have shifted
their feeding strategy from herbivory during summer to omnivory
during autumn and winter (Nicol et al., 2004; Yang et al., 2019),
further inhibiting the production of radiolarians. This causal
relationship between the low TRF and the full ice-coverage and
related zooplankton activity was more prominent in autumn (mid-
March to mid-May).

Following mid-May, resuspension of surface sediments caused
by mCDW invasion may have been the primary cause of the
increasing trend of TRF (Figures 3C, F, G, 6D, E). Previous
studies have suggested that the mean current velocity at the
mooring site was < 10 cm s~ (Nunes Vaz and Lennon, 1996),
making lateral advection of particulate material negligible (Yang
etal,, 2019). During winter, nCDW invades the shelf area near 75°E
across Four Ladies Bank, and can even advance to the front of the
AIS (Yabuki et al., 2006; Herraiz-Borreguero et al., 2015; Williams
etal,, 2016). The temperature sensor at 582 m depth on the mooring
recorded two warming events in the deep water during autumn and
late winter 2014 (Figure 6E), which may have been caused by
mCDW invasion from the eastern Amery Basin (Herraiz-
Borreguero et al, 2015). This invasion could have transported
some radiolarian remains in surface sediments from Four Ladies
Bank and/or the in situ seafloor into the trap. For instance, the flux
and relative abundance of dominant assemblage one increased
simultaneously (Figures 6A, C). This process is strongly
supported by the synchronous increases of TFy and TFyy,
(Figures 3F, G). Sponge spicules, the hard parts of sponges
(marine sessile multicellular animals; Hooper and van Soest,
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FIGURE 5

The plate of 15 dominant species identified at Station M8 in Prydz Bay polynya. (A) Antarctissa sp., Summer; (B) Antarctissa sp., Autumn; (C) Phormacantha
hystrix, Summer; (D) Phormacantha hystrix, Spring; (E) Plectacantha oikiskos, Summer; (F, G) Antarctissa strelkovi, Summer; (H) Antarctissa denticulata,
Summer; (I) Antarctissa denticulata, Autumn; () Peridium longispinum, Autumn; (K) Peridium sp., Autumn; (L) Antarctissa longa, Autumn; (M) Botryopera sp.,
Summer; (N) Phormacantha group, Autumn; (O) Plectacantha group, Autumn; (P) Pseudocubus sp., Autumn; (Q) Lithomelissa setosa, Spring; (R) Euscenium

corynephorum, Autumn; (S) Ceratocyrtis histricosus, Summer.

2002), can only be derived from surface sediments. Similarly,
surface sediment is a main source of lithogenic debris, the other
being material released into the sea from melting sea ice (Han
et al., 2018).

The similar effects of resuspension and lateral transport of
mCDW invasion on the radiolarian remains and lithogenic debris
may be related to their close particle size. Grain size analysis showed
that the surface sediments from the eastern part of Prydz Bay
consist mainly of clay and fine silt (Wang et al., 2015), which is close
to the three small-sized taxa of dominant assemblage one
(Antarctissa sp., P. hystrix and P. oikiskos) in the trap
(Figures 5A-E), generally about 50-70um (Petrushevskaya, 1967;
Nimmergut and Abelmann, 2002). Furthermore, the radiolarian
results analyzed in surface sediments from Prydz Bay shelf area
reveal that they also constitute a dominant assemblage (Zhang et al.,
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in preparation). This assemblage abundance is strongly and weakly
positively correlated with silt and clay content, respectively,
indicating a similar distribution pattern.

Simultaneously, we observed that the mCDW invasion did not lead
to a significant increase in TFgjyom and TFie, in the trap (Figures 3D,
E), despite the fact that they are abundant in surface sediments in Prydz
Bay shelf. This may be attributed to the differential settling over time
caused by the differences in size and mass between radiolarian and
diatom. Previous studies reported that the average sedimentation rate
of radiolarians in water column was < 0.1 cm s™', which was much
faster than that of diatoms and silicoflagellates (Takahashi, 1987; Liang
and Ran, unpublished data). Additionally, the diatom assemblages on
the shelf area tend to be smaller and less silicified (Taylor et al., 1997).
This may result in the resuspended diatoms and silicoflagellates drifting
in the water for a longer period of time.
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FIGURE 6

Time-series variations of the fluxes and relative abundances of the dominant assemblages with water temperatures measured at Station M8 in Prydz
Bay polynya. (A) FDAL, flux of dominant assemblage one (the group of small-sized taxa). (B) FDA2, flux of dominant assemblage two. (C) RADAL,
relative abundance of dominant assemblage one; RADA2, relative abundance of dominant assemblage two. (D) MWT, medium-depth water
temperature recorded by a sensor moored at 282 m. (E), DWT, deep-water temperature recorded by a sensor moored at 582 m. The data sets in
(D) and (E) were provided by the National Arctic and Antarctic Data Center (http://www.chinare.org.cn). The black dotted boxes indicate RFP-1-3.
The width of the histogram bars indicates the sampling intervals, and the black hollow inverted triangles indicate samples that were not analyzed
because the sample size was too small.

It is worth noting that the temperature sensor at 282 mdepthon ~ 5.,1.3 TRF fluctuations in spring to summer of

the mooring, located above the trap (Figures 1C-E), recorded a 2014 and 2015

mCDW invasion event around June 2014 (Figure 6D). The mCDW The rapid decoupling of TRF from TFgiaom and TFgic, during
may have invaded to the shelf area through the Prydz Channel = RFP-2 (November 9 to December 1, 2014) may have been related to
during this period (Chen et al., 2014), with a shallower invasion  the anomalous retreat of sea ice and resuspension of surface
depth and undisturbed the surface sediments. This may be the  sediments (Figures 3A, C-G, 6E). During normal years, the
causation of the absence of increased fluxes for radiolarian, melting of sea ice dumps abundant ice algae into the water, and
lithogenic debris and sponge spicules around this period. the sinking flux of diatoms increases due to the ballast effect of

TABLE 4 Seasonal variations of dominant species fluxes from the trap in Prydz Bay polynya.

Ave. flux of dominant specie/skeletons:m=d™" *

i . Dominant assemblage
Sampling Dominant assemblage one 9 RADA1 RA of A.
period two strelkovi**
Antarctissa P. P. A A
sp. hystrix oikiskos strelkovi  denticulata
2014.02.27-03.14 REP-1 4180 3480 2780 3940 700 33.8% 15.1% 12.8%
2014.11.09-12.01 REP-2 1250 880 720 50 30 53.5% 1.1% 0.7%
2015.01.19-02.03 RFP-3 310 40 160 2780 590 10.8% 68.7% 56.7%
2014.02.27-
Annual 610 530 430 510 110 35.7% 21.7% 16.2%
2015.02.12

*The average flux is calculated as in Table 1, and the data are rounded to the nearest ten digits.
**The relative abundance of A. strelkovi was estimated as described in section 3.2.2.

Frontiers in Marine Science 32 frontiersin.org


http://www.chinare.org.cn
https://doi.org/10.3389/fmars.2023.1135900
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Zhang et al.

10.3389/fmars.2023.1135900

TABLE 5 Correlations between TRF and TFgiatom, and TRF and TFgj;co in the trap in Prydz Bay polynya.

Variables

Data of RFP-1 included

Data of RFP-1 not included

TFdiatom 0.71 ‘

TFqilico 0.85 ‘

lithogenic materials (Han et al., 2019), providing plentiful prey for
zooplankton. However, the SIC data showed that the sea ice around
Station M8 started to melt after late October 2014, and its coverage
suddenly decreased from 55.1% (November 12) to 10.9%
(November 13) (Figure 3A), likely due to the physical process of
the sea ice “drifting” away under the effect of ocean currents or wind
(Han, 2018; Han et al., 2019). This created an ice-free open water
area nearly a month earlier than in previous years (Han et al., 2019),
which increased the amount of solar radiation reaching the surface
waters and the temperature of those waters, and enhanced the
stratification of the upper ocean, elevating the photosynthetic
efficiency of phytoplankton and the exploitation of nutrients
(Schmidt et al., 2018). As a result, the surface primary
productivity recovered quickly, as confirmed by the increase of
chl-a (Figure 3A), providing abundant prey for radiolarians.
Previous studies have suggested that krill and copepods,
representative of the dominant zooplankton in Prydz Bay, had a
low ingestion rate of phytoplankton during the early stage of sea-ice
melting, because the copepods (mainly Calanoides acutus) were still
in a state of dormancy under the ice, whereas the krill (mainly
Euphausia crystallorophias) showed a modest preference for ciliates
(Yang et al,, 2013). Thus, TRF increased rapidly due to the adequate
prey and lower grazing pressure during RFP-2.

In addition, a warming event lasting approximately 10 days in
late October 2014 was recorded by the temperature sensor on the
mooring (Figure 6E), likely related to the mCDW invasion from the
eastern Amery Basin. This invasion may have caused resuspension
and lateral transport of surface sediments, as occurred in the
southwestern Weddell Sea (Abelmann and Gersonde, 1991), thus
resulting in increased TF, TFj,, and TRF (Figures 3C, F, G). The
increased TRF was mainly contributed by the small-sized taxa such
as dominant assemblage one (Figures 6A, C), which was close to the
silt in the surface sediments in terms of particle size. However,
resuspended diatoms and silicoflagellates may have been unable to
settle into the trap in a short period due to their low settling velocity
(Takahashi, 1987), as observed in the South China Sea (Liang and
Ran, unpublished data).

An intriguing phenomenon during RFP-2 was that TFg;a¢0m and
TFgiico Were low, and their increases were even one month later
than that of TRF (Figures 3C-E), similar to the results from a trap in
the southwestern Weddell Sea (Abelmann and Gersonde, 1991).
This lag of TFgiaom may have been related to changes in the
phytoplankton community during this period. Previous studies
have suggested that there may be a phytoplankton bloom
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dominated by Phaeocystis and/or some naked flagellates before
diatom mass production in the Southern Ocean MIZ during the
early stage of sea-ice melting (e.g., Abelmann and Gersonde, 1991;
Garrison et al., 2005; Dumont et al., 2009; Arrigo et al., 2014; Smith
et al.,, 2014; van Leeuwe et al., 2018). Furthermore, there is a so-
called “retention system” that is characterized by heavy copepod
grazing and re-mineralization of the produced matter in the upper
ocean, which decreases the downward-sinking flux (Abelmann and
Gersonde, 1991; and references therein). However, more work is
needed to verify whether this process is applicable to Prydz Bay.
Additionally, during the anomalous retreating process of sea ice,
large amounts of ice algae (including diatoms if any) sealed in the
bottom of the ice were “carried” away with sea ice drift before they
could be dumped into the polynya waters, resulting in the low
TF4iatom> TFsilico and TMEF.

Following RFP-2, another low-TRF stage lasting 7 weeks
(December 1, 2014 to January 19, 2015) was observed in sharp
contrast to the high TFgjtom and TFgye, (Figures 3C-E). This
decoupling may have been linked to the increased grazing pressure
caused by the activities of herbivorous predators (krill and
copepods) in mid-summer. During this period, there was a large
area of open water with high chl-a concentration in the polynya
(Figures 2, 3A), and the high fluxes of phytoplankton dominated by
diatoms and silicoflagellates exhibited their second peaks
(Figures 3D, E). This increase in phytoplankton may have
induced a rapid increase in the zooplankton biomass and daily
grazing (Li and Yang, 2017), which is strongly supported by the
increased abundance of zooplankton predators (krill, large
copepods and small copepods) and their different types of fecal
pellets in the same trap (Nicol et al., 2004; Yang et al., 2017; Yang
etal, 2019). The scavenging of these predators in the water resulted
in greater grazing pressure on radiolarians (Abelmann, 1992a).
Additionally, the delayed settling of resuspended diatoms and
silicoflagelates during RFP-2 also contributed to their subsequent
high fluxes.

During RFP-3, chl-a in the surface ocean rose quickly, and
TFgiatom and TFgjic, Were also notably higher than their values in
winter and RFP-2, indicating that there could have been more prey
for radiolarians (Figures 3A-E). Moreover, FDA2 and RADA2
peaked steeply, while RADA1 decreased to its lowest value,
despite FDA1 being slightly higher than in the low-TRF stage.
Therefore, RFP-3 may have been mainly related to the increased
primary productivity and a change in the dominant radiolarian
species (Figures 3A-E, 6A-C).
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5.2 Ecological and environmental
significance of the dominant radiolarian
assemblages

5.2.1 Dominant assemblage one as a primary
productivity proxy in the MIZ

The small-sized group, dominant assemblage one in the M8
trap, was composed of three taxa (Antarctissa sp., P. oikiskos and P.
hystrix) (Figures 5A-E). P oikiskos and P. hystrix, which are
morphologically similar, are typical bipolar species and are often
treated as the P. oikiskos/P. hystrix group (Petrushevskaya, 1967;
Petrushevskaya, 1971). This group is typically found in neritic
coastal environments with fjord topography and steep shelves in
the Southern Ocean, such as the Powell Basin and Bransfield Strait
(Abelmann, 1992a; Abelmann, 1992b). In the Ross Sea, it is used to
indicate a nearshore environment with high primary productivity
and drastic changes in water depth and topography, and has even
been used as a proxy of the MIZ with active seasonal sea-ice changes
(Nishimura et al., 1997; Teng and Wang, 2019). This is consistent
with reports of this group in the high latitudes of the Northern
Hemisphere, where it is thought to inhabit a cold-water, highly
productive neritic sea with complex terrain such as steep shelves
and fjords (Jorgensen, 1905; Nimmergut and Abelmann, 2002;
Abelmann and Nimmergut, 2005; Wang et al., 2006). Antarctissa
sp. is rarely reported in the Southern Ocean, but is common in open
water formed after sea-ice melting in the Sea of Okhotsk. This taxon
is most abundant in the subsurface minimum-temperature zone
(50-130 m), and is considered to be an index for the Sea of Okhotsk
dichothermal layer and for the presence of pronounced summer
sea-surface stratification linked to primary productivity
(Nimmergut and Abelmann, 2002).

In this study, the average flux of the small-sized group was
approximately 1570 skeletons m™> d™' (Table 4), representing
38.7% of the total annual radiolarian count (Table 3; Figures 4B,
C). During RFP-1 and RFP-2, there were dramatic sea-ice changes,
the flux and relative abundance of the small-sized group and its
members were notably higher than the values during RFP-3 in the
ice-free period (Figures 4A, B, 6A, C). Although chl-a data was
missing because of rapid sea-ice fluctuations during RFP-1
(Figure 3A), TMF, TFgiaom and TFgj, all indicated that the
primary productivity of the upper ocean was almost the highest
of the year at that time (Figures 3A-E), which was beneficial to
radiolarian fauna. After the full ice-coverage winter, sea-ice melting
accelerated after October 24, 2014, resulting in the transport of
fresh, cold water into the polynya and the enhanced stratification
of the upper ocean. This water input was favorable for the recovery
of phytoplankton primary production and for the growth of
Antarctissa sp. (Nimmergut and Abelmann, 2002). During RFP-2,
the SIC decreased sharply from 55.1% to 10.9% in one day, and
open water then appeared in the polynya (Figure 3A). Higher sea-
surface temperature and enhanced light efficiency provided the
environmental basis for rapid rises in primary productivity and chl-
a, which supplied rich, fresh food for Antarctissa sp., the dominant
taxa feeding primarily on bacteria or relatively fresh phytoplankton
debris from the high-productivity surface waters (Abelmann and
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Nimmergut, 2005). In the MIZ, the assemblage was composed of
juveniles and small-sized taxa able to respond quickly to food
availability (Swanberg and Eide, 1992; Bjorklund et al., 1998).
These factors, together with the lower predation rate by
zooplankton (Yang et al, 2013), the possible dominance of the
existing phytoplankton community by Phaeocystis and/or naked
flagellates, and the “retention system” (Abelmann and Gersonde,
1991; and references therein), created a favorable marine
environment for growth of small-sized taxa. This was reflected in
the second flux peak of the small-sized group and the highest value
of RADAL (55.9%) (Table 4; Figures 4B, 6A, C). Thus, this small-
sized group can be used as a proxy for surface primary productivity
in the MIZ in Prydz Bay.

5.2.2 Antarctissa strelkovi as a proxy for extension
of cold Ice Shelf Water

Although A. strelkovi and A. denticulata (Figures 5F-I) were
classified into the same assemblage by Q-factor analysis, A. strelkovi
may record more representative environmental information than A.
denticulata in Prydz Bay, and its seasonal variations also appear to be
a stronger indication of local characteristics. The flux and average
contribution rate of A. strelkovi were much higher than those of A.
denticulata (Table 3; Figures 4B, C). In addition, the two species have
markedly different living habits. A. strelkovi is restricted to the
Antarctic Ocean and is not encountered in warm-water regions.
This species is typically found in cold (< 2°C) shallow water with
abundant dissolved silicate (Petrushevskaya, 1967). The results of
opening/closing net samples collected from 0 to 1000 m showed that
the species is restricted to the Antarctic Surface Water and has its
highest loadings in the uppermost 200 m of the water (Abelmann and
Gowing, 1997). In the MIZ, A. strelkovi prefers surface water
shallower than 100 m, but can also migrate downward to 385 m in
the shelf area (Morley and Stepien, 1985). In other words, A. strelkovi
is mainly concentrated in environments with temperatures < 1.5°C
and high levels of dissolved silicate (50-70 pmol L™) (Abelmann and
Gowing, 1997). Therefore, neither seawater temperature nor silicate
content was the limiting factor in Prydz Bay polynya (Figure 1D). A.
denticulata is also a typical dominant species in the Antarctic cold
water group, and was often treated as the A. denticulata/strelkovi
group in earlier studies (e.g., Abelmann, 1992a; Abelmann, 1992b;
Boltovskoy, 1999; Boltovskoy et al., 2010). It is an abundant and
typical species in deep-water sediments of the open ocean, with
relative abundance of up to 20%-30%. However, its abundance is at
most 24% in coastal areas with ice-raft deposits (Petrushevskaya,
1967) and only approximately 3%-5% in shelf areas such as Prydz
Bay (Zhu et al., 2019; Zhang et al,, in preparation).

Based on this information, A. strelkovi in dominant assemblage
two is thought to have a greater environmental significance and highly
sensitive to cold water masses in the study area. There were two peaks
of the A. strelkovi flux over the year, in RFP-1 and RFP-3 (Figure 4B).
The species relative abundance in RFP-1 (12. 8%) was much lower
than that in RFP-3 (56.7%) and lower than its annual average (16.2%)
(Table 4), indicating that A. strelkovi had no competitive advantage
relative to other radiolarians during RFP-1. During winter, the mCDW
invaded the shelf area across Four Ladies Bank and caused significant
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warming in the medium-depth and deep waters (Figures 6D, E), which
could have caused resuspension and movement of sediment from the
bank or in situ seafloor to the trap. However, this process did not
change the decreasing A. strelkovi flux and relative abundance, likely
due to its larger skeleton size (150-170 um) compared to members of
the small-sized group (Figures 5A-I) (Jorgensen, 1905;
Petrushevskaya, 1967).

As spring and summer arrived, the surface seawater
temperature and phytoplankton productivity increased due to the
melting of sea ice (Figure 2B), resulting in great silicate
consumption. This may have prompted A. strelkovi to migrate to
the middle-deep ocean, where the temperature is lower and the
silicate levels higher (Figure 7). In addition, the temperature sensor
at 282 m showed that the medium-depth ocean was affected by cold
water masses after mid-September 2014, particularly after mid-
January 2015 (Figure 6D). In Prydz Bay, these cold waters mainly
originated from the supercooled water under the ice shelf, i.e,, the
ISW (Figures 7A, B). The remarkable low-temperature
characteristics of this water had a marked cooling effect on the
waters of the shelf area. Herraiz-Borreguero et al. (2015) noted that
the ISW flows into the small circulation under the AIS from the
northeast and then flows out from the west. Some studies have
suggested that the ISW developed in front of the AIS mainly occurs
west of 73°E, while the ISW in the area east of 73°E may originate
from the WIS in eastern Prydz Bay (Zheng et al., 2011; Williams
et al, 2016). Notably, the flux of A. strelkovi started to rise in

68.5°S

FIGURE 7

Marine environmental profiles of Section 75.5°E on the shelf of Prydz Bay in late summer 2015. (A, B) Temperature and salinity profiles showing the
locations of water masses. (C) Silicate profile. Major water masses: SSW, Summer Surface Water; SW, Shelf Water; ISW, Ice Shelf Water. White vertical
solid lines indicate the location of Station M8, red rectangles mark the depths of the temperature sensors, and yellow inverted triangles indicate the
position of the sediment trap. The data set was provided by the National Arctic and Antarctic Data Center (http://www.chinare.org.cn), and was
obtained during the 31° cruise of CHINARE from February 28 to March 1, 2015.
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synchrony with cooling after September; in particular, the steep
increase in the relative abundance of this species from December
onward indicates sensitivity to the cooling process of the medium-
depth waters (Figures 4B, 6B). More significantly and directly, the
water at 282 m cooled by 0.2°C (down to as low as —2°C) during
RFP-3 (January 19 to February 3 2015), which is a typical feature of
ISW. At the same time, the flux and relative abundance of A.
strelkovi rapidly peaked (Figures 4B, 6B), indicating that this
dominant species, which prefers a cold, high-silicate environment,
was notably sensitive to supercooled water from the ice shelf during
periods of open water and high surface seawater temperatures in the
polynya during summer. In conclusion, the high flux and high
relative abundance of A. strelkovi in Prydz Bay mainly records the
process of ISW invasion to the shelf area in summer.

6 Conclusions

The 1-year flux record of siliceous microplankton acquired in a
time-series trap (February 2014 to February 2015, ~490 m) moored
in Prydz Bay, Eastern Antarctica, highlights the strong seasonality
of radiolarian, diatom, silicoflagellate and sponge spicule fluxes and
radiolarian assemblages. All fluxes were low in winter and high in
summer and were closely related to the particular marine
environment of the study area, especially seasonal variations in
sea ice and the plankton community.
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Three TRF peaks (> TRF,.) were observed over the year, all in the
summer season and referred as to RFP-1, RFP-2 and RFP-3. The other
two notable low-TRF intervals were identified, one in winter and
another in mid-summer. During RFP-1 in early March 2014 (late
summer), TRF was the highest of the year, five to six times greater than
those in RFP-2 (early summer 2014-2015) and RFP-3 (mid-to-late
summer), coinciding with the maximum values of TF giom» TFsilico and
TMEF. This result can be attributed to the increased primary
productivity and decreased grazing pressure related to the rapid
fluctuation of sea ice in situ. The generally low siliceous microbiota
fluxes in autumn and winter (late March to late September) were
mainly constrained by the harsh environment resulting from full sea-
ice coverage. The resuspension of surface sediments caused by mCDW
intrusion onto the shelf played an important role in the increased
radiolarian flux. Decoupling of radiolarian and siliceous phytoplankton
fluxes during RFP-2 was mainly related to the abnormal sea-ice retreat
in early summer of 2014-2015. The enhanced competitive advantage of
the small-sized radiolarian group, the mCDW invasion and the bloom
of non-diatom-dominated phytoplankton communities were also
important factors. During mid-summer (December 2014 to early
January 2015), radiolarians exhibited a low-flux stage lasting 7 weeks,
in sharp contrast to the second flux peaks of diatoms and
silicoflagellates, mainly related to the increased grazing pressure
caused by the activities of herbivorous predators. RFP-3 was mainly
related to the increase of surface primary productivity and a change in
the dominant radiolarian assemblages.

Two dominant radiolarian assemblages were recognized by Q-
factor analysis of 15 dominant radiolarian species, with markedly
differences in fluxes and relative abundances. Dominant assemblage
one, referred to as the small-sized group, was composed of Antarctissa
sp., P. oikiskos and P. hystrix, and showed high fluxes during RFP-1 and
RFP-2. Its relative abundance was greatest during RFP-2, with a
preceding upward trend and a subsequent rapid decrease, suggesting
that it can be used as a proxy for primary productivity in the MIZ of
Prydz Bay. Dominant assemblage two was composed of A. strelkovi
and A. denticulata, with A. strelkovi dominating. The flux of A. strelkovi
was high during RFP-1 and RFP-3, but its relative abundance was
opposite to that of the small-sized group, being lowest during RFP-1
and highest during RFP-3. This suggests that the high flux and high
relative abundance of A. strelkovi may record the extension of ISW
onto the shelf in Prydz Bay.
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Antarctic continental margin sediments are eroded from the shelf and
transported to the slope/rise in association with changing ice sheet
configuration. Understanding the dynamics of this transport pathway is
important for utilizing distal deep-sea sedimentary archives to determine past
changes in the Antarctic ice sheet. However, these connections are poorly
understood. Here we present multi-proxy records of two sediment cores
(BS17-GCO1 and BS17-GC02) from the Bellingshausen Sea continental rise, to
explore relationships between depositional regime and ice sheet dynamics. Two
cores show depositional/sedimentological variations on glacial-interglacial
scales. Biogenic sediments were deposited during MIS 1, 5, and 7 under open
ocean conditions. Glacial to deglacial sediments were laminated as a result of
varying intensity of bottom currents. Terrestrially derived sediments are inferred
to be transported from shelf both as grounded ice advanced during glacial
expansion, and as ice retreated during deglacial periods. Sediment color shifted
to brown after deglacial periods with high Mn/Ti and occurrence of bioturbation,
indicating increasing bottom water oxygenation in the study area. Since surface
water production started to increase from deglacial periods, we infer increased
bottom water oxygenation in this setting is due to ventilation (i.e., Antarctic
Bottom Water (AABW) formation), implying that AABW formation was increased
during interglacial periods from deglacial period whereas was decreased during
glacial periods. Thus, sedimentary/depositional changes in BS17-GCO01 and
BS17-GCO02 are closely linked to ice sheet dynamics during the late Quaternary.

KEYWORDS

Bellingshausen Sea, surface diatom production, contourite, lamination, ice
sheet variation
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1 Introduction

The stability of the West Antarctic Ice Sheet (WAIS) is strongly
influenced by variability of the surrounding ocean (Golledge et al.,
2012; Pritchard et al., 2012; De Conto and Pollard, 2016). The
spatial and temporal pattern of ice sheet advance/retreat across the
continental shelf is largely a function of ocean water mass exchange
along the glacial front. On glacial/interglacial timescales, this water
mass exchange is influenced by the geomorphology (e.g., Dinniman
et al., 2011; Lavoie et al., 2015), which is in turn influenced by
tectonic process, glacier dynamics, bottom currents, and sediment
input. However, sedimentary deposits that could be used to
reconstruct glacial dynamics on glacial/interglacial timescales are
fragmentary and cryptic in this setting. Although the Antarctic
continental shelf contains a valuable record of deglacial to recent ice
dynamics (e.g., De Santis et al., 1995; Domack et al,, 1999), the
advance of erosional ice sheets to the shelf break during the Last
Glacial Maximum (LGM) (Anderson et al., 2002; o Cofaigh et al,,
2014; The RAISED Consortium et al., 2014) means that LGM and
older archives are rare on the continental shelf. For the most part,
LGM and older sediments have been eroded and transported to the
upper slope and continental rise (e.g., Anderson, 1999; Dowdeswell
et al., 2002; Dowdeswell et al., 2008; Noormets et al., 2009). It is
these deep-sea archives we must interpret, to understand ice
dynamics during the LGM and older times.

It is normally recognized that dense shelf water formation,
occurred by brine rejection in association with high sea ice
formation in Antarctic coastal polynyas, is related to the
formation of Antarctic Bottom Water (AABW), which is the
densest water mass (Tamura et al., 2008). As a result, AABW is
characterized by high oxygen concentration (Gordon, 2009). It is
reported that AABW formation restarted or intensified at the end of
glacial periods, that is deglacial periods, when grounded ice began to
retreat on the shelf (Wu et al,, 2018; Jimenez-Espejo et al., 2020).
Since the production of AABW is related to shelf cavities (Wu et al.,
2018; Jimenez-Espejo et al, 2020), these deep-sea archives will
provide information on bottom water redox condition variations
on glacial-interglacial time scale.

In this study, we use two sedimentary records from the
continental rise of the Bellingshausen Sea, to infer changes in
oceanographic conditions and sediment depositional process, in
response to ice sheet variation on the Bellingshausen Sea
continental shelf. To do this, we analyze lithology, physical
properties (magnetic susceptibility (MS), grain density, and color
reflectance), geochemical proxies (CaCOs, total organic carbon
(TOC), biogenic opal concentrations, and C/N ratio),
paleontological records (diatoms and palynomorphs), manganese/
titanium (Mn/Ti) ratio, zirconium/rubidium (Zr/Rb) ratio, and
grain size records with grains >1 mm.

2 Depositional setting

In the Bellingshausen Sea, a wide sediment fan is formed
directly seaward of the shelf break (Figure 1), reflecting the large
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Bellingshausen Sea

FIGURE 1

Location map of the study area in the Bellingshausen Sea
continental margin, West Antarctica, with core locations for BS17-
GCO01 and BS17-GCO02 (red circles) and previously reported cores
(black circles). Dashed lines indicate sediment depocenters from
Scheuer et al. (2006).

amount of sediment that has been transported from the shelf to
slope and rise areas by this pathway (Dowdeswell et al., 2008).
Because of intermittent and erosional sediment input (i.e., gravity
flows), the sample sites on the fan are not an ideal archive infer
paleoenvironmental changes associated with the neighboring ice
sheet. Moreover, application of environmental proxies from this
upper- to middle-slope depositional environment is hampered by
the coarse sediment originating from the ice margin during glacial
periods (e.g., Dowdeswell et al., 2008 and references therein).
Because drift sediments are well developed from the western
Antarctic Peninsula to Bellingshausen Sea sector of the Antarctic
margin (Rebesco et al., 2002; Hillenbrand et al., 2008a), previous
studies have focused on the influence of bottom currents on this
region and depositional environment, with a particular emphasis on
interpreting cores collected from close to the shelf break (Pudsey
and Camerlenghi, 1998; Lucchi et al., 2002; Lucchi and Rebesco,
2007; Hillenbrand et al., 2021).

Along western Antarctic Peninsula to Bellingshausen Sea sector
of the Antarctic margin, sedimentation during glacial periods
includes, (faintly) laminated sediments with less biogenic
components, deposited by a combination of contourite, meltwater
plumite, and distal turbidite mechanisms (Hillenbrand et al., 2021
and references therein). The northern extent of these glacial facies is
not yet established, due to lack of distal, deep water core records
from the Bellingshausen Sea.

Surface sediments of the nearby sea, Amundsen Sea, shows a
regional variability; most notably difference between east and west
(Hillenbrand et al., 2003). To date, most research effort has been on the
area east of the Peter L. Island (e.g, Pudsey and Camerlenghi, 1998;
Lucchi et al,, 2002; Hillenbrand et al., 2003; Hillenbrand et al., 2009;
Hillenbrand et al., 2021). Understanding the accumulation of
sedimentary records from the west, which are likely to represent a
different mode of deposition given the distinct surficial sediments, is
necessary to obtain a complete picture of paleoceanographic evolution
of the Bellingshausen Sea region during the late Quaternary.
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3 Material and methods

Two gravity cores were collected from the continental rise of the
Bellingshausen Sea by IBR/V Araon during the ANAO7D cruise in
2017; 217 cm-long BS17-GCO01 (67°22.8947'S, 96°23.2464'W,
4627 m water depth) and 846 cm-long BS17-GC02 (68°09.4940°S,
94°34.7988'W, 4361 m water depth) (Figure 1). The two cores were
stored cold before being opened, described, and sub-sampled at the
Korea Polar Research Institute (KOPRI). Core photos and chemical
elements were measured by ITRAX core scanner at KOPRI. X-
radiographs were taken from 8 cm x 30 cm x 1 ¢cm slabs at KOPRI.
Physical properties, geochemical proxies, and grain size analysis
were performed at KOPRI. Analysis of diatom assemblages was
performed at Jeonbuk National University and palynology analysis
was performed at GNS Science. All data for BS17-GC01 and BS17-
GCO02 are in Supplementary Tables 1, 2, respectively.

3.1 Physical properties (magnetic
susceptibility, color reflectance,
and grain density)

The Magnetic Susceptibility (MS) for BS17-GCO01 and BS17-GC02
was measured at 1 cm-intervals on split half core sections using a
Bartington MS-2B susceptibility meter. The MS values for BS17-GC01
was reported in Kim et al. (2022a). Color reflectances a* and b*, which
reflect the balance between red (+) and green (-) and yellow (+) and
blue (-), respectively, were measured at 1 cm intervals on split half core
sections of two cores by spectrophotometry. The grain density was
measured at 10 cm intervals for BS17-GC02 and 4 cm intervals for
BS17-GCO01 using a gas pycnometer (AccuPyc II 1340). All physical
properties were measured at KOPRL

3.2 Geochemical proxies (biogenic opal,
TOC, and CaCO3 concentrations)

All geochemical proxies for BS17-GC01 and BS17-GC02 were
measured at 2 cm intervals on 1 cm thick sub-samples at KOPRIL
Biogenic silica concentration was measured using a Continuous Flow
Analyzer (SKALAR SANplus Analyzer) with wet-alkaline extraction
method modified from DeMaster (1981) following the method of Kim
etal. (2018a). Biogenic opal concentration was calculated by multiplying
biogenic silica concentration by 2.4 (Mortlock and Froelich, 1989). The
relative error of biogenic silica concentration in sediment samples is less
than 1%. Total inorganic carbon (TIC) concentration was measured
using UIC CO, coulometer (Model CM5240). CaCO; concentration
was calculated by multiplying TIC concentration by 8.333. The relative
standard deviation for CaCOj; concentration is +1%. Total carbon (TC)
and total nitrogen (TN) concentrations were measured by an Organic
Elemental Analyzer (FLASH 2000 NC Analyzer) with an analytical
precision less than +0.1% and +0.16%, respectively. TOC concentration
was calculated by the difference between TC and TIC. C/N ratio was
calculated as TOC/TN.
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3.3 Diatom assemblage analysis

Fifty samples were analyzed at 10 cm intervals for brown units
and 50 cm intervals for gray units for BS17-GC02 and twenty-two
samples were analyzed at 10 cm intervals for BS17-GCO01. Due to
the predominant occurrence of Fragilariopsis kerguelensis, in the
intervals of high biogenic opal concentration, up to 200 diatom
specimens were counted. The other intervals had extremely low
diatom abundances due to poor preservation, 200 microscope fields
of view were observed and counted. The sample preparation and
diatom counting methods followed Bak et al. (2018). The
quantitative analysis of the diatom slides followed the procedures
described in Scherer (1994). Absolute abundance was calculated
using the following equation: abundance = ((A x B)/(C x D))/E,
where A is the number of specimens counted, B is the area of the
settling chamber, C is the number of microscope fields of view, D is
the area of the field of view, and E is the sample mass.

3.4 Palynology analysis

Because both cores have brown-gray color alterations and BS17-
GCO02 has more color cycles, only core BS17-GC02 was examined
for palynology. 13 samples were selected from dark brown, brown,
and gray units. Samples were dried and weighed. Cold 10% HCl was
added to the dried sample to remove carbonates, followed by 24
hours in cold 52% HF and a second cold wash in 10% HCI. Samples
were placed in an ultrasonic bath for up to a minute, sieved through
a 6 um mesh to remove small particulate material, and mounted on
glass slides in glycerine jelly. A single lycopodium tablet (batch
1061) was introduced during processing to determine absolute
palynomorph abundance. Palynology was performed at the GNS
Science palynology laboratory.

All counts were completed on a light microscope at 400x
magnification. For this study, 100 palynomorph specimens were
counted for each sample where possible. The entire slide was
scanned for samples in which palynomorphs were rare.

3.5 Grain size analysis and count
of grains >1 mm

After removing biogenic components (organic matter, biogenic
silica, CaCO3) from bulk sediments using 34% H,O,, 2N NaOH,
and 10% HCI, respectively, grain size was analyzed at 8 cm intervals
for BS17-GCO02 and at 4 cm intervals for BS17-GCO1. Grain size was
analyzed using a laser diffraction instrument (Mastersizer 3000,
Malvern) at KOPRI. The classification of sediments follows that of
Folk and Ward (1957).

X-radiographs of center slices (1 cm thick x 8 cm width x 30 cm
length) removed from each core section. Then, grains >1 mm in
diameter were manually counted every 1 c¢cm on the X-
radiograph images.
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3.6 Mn/Ti and Zr/Rb ratios

The distribution of chemical elements for both cores was
determined non-destructively using an ITRAX core scanner at
KOPRI. Following the procedure of Croudace et al. (2006), we
analyzed at 5 mm intervals with a 3 kW Mo X-ray tube under 30 kV
and 30 mA with a dwell time of 5 seconds. In this study, we focus on
Mn, Ti, Zr, and Rb elemental XRF peak area intensities measured in
total counts per second (CPS). The elemental data are presented as
Mn/Ti and Zr/Rb ratios to account for changes in water content or
physical properties.

4 Chronology
4.1 BS17-GCO02

Previous studies of sediment accumulation in the Western
Antarctic Peninsula region have aligned high MS intervals
containing low biological production with glacial periods and
assigned low MS intervals containing high biological production
to interglacial periods (e.g., Pudsey and Camerlenghi, 1998; Pudsey,
2000; Hillenbrand et al., 2009; Hillenbrand et al., 2021). BS17-GC02
showed a similar lithologic pattern to previous cores collected from
the western Antarctic Peninsula (e.g., Pudsey and Camerlenghi,
1998; Pudsey, 2000; Lucchi et al., 2002; Hillenbrand et al., 2009).
Recently, Hillenbrand et al. (2021) established age models for cores
from the study area by a combination of correlating §'*0 data of
planktonic foraminifera with LR04 (Lisiecki and Raymo, 2005),
Marine Tephra B (MIS 5/6 boundary at ~130 ka; Hillenbrand et al.,
2008b), and accelerator mass spectrometry (AMS) 1C dates. This
chronological result was consistent with previous chronological
frames. Thus, we apply the chronological scheme in Hillenbrand
et al. (2021) for the BS17-GC02 age model. A bioturbated biogenic
interval at core top (0-35 cm) likely corresponds to interglacial MIS
1, the next biogenic interval (348-398 cm) likely corresponds to
interglacial MIS 5, and the deeper biogenic interval (660-698 cm)
likely corresponds to interglacial MIS 7. We infer the intervening
intervals correspond to the glacial periods MIS 2-4, 6, and 8.
However, as it is acknowledged in Hillenbrand et al. (2021), it is
not established that the biogenic interval spans the entire MIS 5 and
MIS 7 intervals, (or represent only MIS 5e MIS 7e, respectively). We
also acknowledge that there is some uncertainty in MIS boundaries
in this study due to gradational/bioturbated contacts.

AMS "C dates were obtained using planktonic foraminifera,
Neogloboquadrina pachyderma (sin.), at 354 cm and 372 cm (Kim
et al., 2022b). The two radiocarbon ages were calibrated using
CALIB 7.1 (Stuiver and Reimer, 1993) with the MARINE13 dataset
(Reimer et al., 2013) using a constant marine reservoir effect of 1300
years, consistent with previous Southern Ocean and Western
Antarctic Peninsula studies (e.g., Domack et al., 2001; Pugh et al.,
2009; Kilfeather et al., 2011; Xiao et al., 2016). The calibrated ages
were 20.6 ka at 354 cm and 37.5 ka at 372 cm. These carbon dates
are inconsistent with the chronological scheme described above,
which assigns the interval 354-372 cm to interglacial MIS 5.
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Although planktonic foraminifera "*C dates have been previously
reported from cores collected from the western Antarctic Peninsula
region, (Hillenbrand et al., 2021), we note our dates are the first
reported from the first sub-surface CaCO; interval. As a result, we
have limited opportunity to assess the reliability and lateral
reproducibility of the two AMS '*C dates we report. Thus, in this
study, we follow the established regional chronology by ignoring the
two AMS 'C dates for BS17-GC02 we obtained, but note that
further investigation of the regional-scale chronological scheme of
the western Antarctic Peninsula may be warranted, along with
further investigation using radiometric dating approaches (Pudsey
and Camerlenghi, 1998; Lucchi et al., 2002; Lucchi and Rebesco,
2007; Hillenbrand et al., 2021).

4.2 BS17-GCO01

The correlation between MS values and the European Project
for Ice Coring in Antarctica (EPICA) Dronning Maud Land
(EDML) ice core dust record (Fischer et al.,, 2007) has been used
for age establishment of Scotia Sea sediment cores, although there
has been debate about the causal mechanisms that isochronously
connect the two settings (e.g., Pugh et al., 2009; Weber et al., 2012;
Xiao et al., 2016; Kim et al.,, 2018b; Shin et al.,, 2020). Kim et al.
(2022a) established an age model for BS17-GCO1 by correlating MS
values to EDML ice core dust record. In that scheme, the biogenic
interval at the upper part of the core (0-35 cm) corresponded to
MIS 1, the 35-217 cm interval corresponded to MIS 2-4; 35-78 cm
for MIS 2, 78-189 cm for MIS 3, and 189-217 c¢cm for MIS 4.

5 Results
5.1 Lithology and physical properties

5.1.1 BS17-GCO02

BS17-GCO02 sediments alternated between decimeter-scale
bioturbated diatom-bearing mud with foraminifera (interglacial
MIS 1, 5, and 7), and meter-scale laminated mud inferred to be
of terrestrial origin (MIS 2-4, 6, and 8). The biogenic intervals were
composed of dark brown diatom-bearing mud, overlain by gray
mud with foraminifera. These intervals are characterized by
decreasing biogenic opal concentration up-section, with a
gradual/bioturbated contact (Figure 2). The laminated intervals
can be divided into two units; a gray unit, overlain by a brown
unit (Figure 2). We infer gray intervals correspond to glacial periods
and brown intervals were likely deposited during periods of ice
retreat (i.e., deglacial period) (Figure 2).

MS values at BS17-GC02 show fluctuating values from 20 to
1500 107 SI (Figure 2A). MS values were constantly low (<100 107
SI) during interglacial MIS 1, 5, and 7. In contrast, MS values were
high and variable during MIS 2-4, 6, and 8 (Figure 2A). In spite of
color difference between the brown and gray units, there was no
significant difference in MS values during MIS 2-4, 6, and
8 (Figure 2A).
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Grain density (g/cm’) of BS17-GC02 ranges mostly from 2.4 to
2.7 (Figure 3E). Grain density values were noticeably low during
interglacial MIS 1, 5, and 7 (Figure 3E).

Color reflectance (a* and b* values) of BS17-GC02 was high in the
brown intervals inferred to have been deposited under deglacial to
interglacial conditions, and low in the gray intervals inferred to have
been deposited under glacial conditions (Figures 2B, C). Maximum a*
and b* values were found in the dark brown intervals (interglacial MIS
1, 5, and 7) (Figure 2). Mn/Ti ratios showed increased values from
deglacial to interglacial periods (Figure 2I). However, Mn/Ti ratios
from interglacial MIS 1, 5, and 7 were not higher than those observed
during deglacial periods (Figure 2I).

5.1.2 BS17-GCO01

BS17-GCO01 showed alternating deposition between bioturbated
(diatom-bearing) mud (corresponding to MIS 1 and 3) and faintly
laminated/structureless sandy mud (corresponding to MIS 2 and 4)
(Figure 4). The brown units are composed of bioturbated mud
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overlying intermittently laminated mud. In contrast to BS17-GC02,
diatom frustules were found during MIS 1 only (Figure 4). The gray
units are composed of structureless sandy mud, overlying faintly
laminated mud (Figure 4).

MS values from BS17-GC01 were also constantly low (<100 10
SI) during interglacial MIS 1 and MIS 3 (Figure 4A), but were high
during MIS 2 and 4.

Grain density (g/cm’) of BS17-GCO01 ranges mostly from 2.6 to
2.7 (Figure 5F). Grain density showed relatively low values during
MIS 1 and 3 (Figure 5F).

Color reflectance (a* and b* values) from BS17-GCO01 showed
high values in brown intervals (inferred to be deposited during
deglacial to interglacial periods) and low values in gray intervals
inferred to represent deposition under glacial conditions
(Figures 4B, C). Maximum a* and b* values were recorded at the
upper part of brown intervals (Figures 4B, C). Mn/Ti ratios showed
increased values during MIS 1 and 3, relative to sediment deposited
during MIS 2 and 4 time (Figure 4I).
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5.2 Geochemical measurements (biogenic
opal, TOC, CaCOs3, and C/N ratio)

5.2.1 BS17-GCO02

In BS17-GCO02, biogenic opal concentrations showed high
values (15-20%) during interglacial MIS 1, 5, and 7, and low
values (<10%) during MIS 2-4, 6, and 8 (Figure 2D). TOC values
were high, though variable, (0.3%) in the gray laminated glacial
intervals (Figure 2F). TOC concentrations showed minimum values
during deglacial periods, and increased during interglacial MIS 1, 5,
and 7 (Figure 2F). In general, C/N ratios co-varied with TOC; high
during glacial MIS 2-4, 6, and 8, low/moderate during deglacial
periods, and low/increasing during interglacial MIS 1, 5, and 7
(Figure 2G). CaCOj5 concentrations were generally very low (~0%),
but increased CaCOj; concentrations were observed occurred right
above biogenic opal peaks of interglacial MIS 5 and 7 (Figure 2H).

5.2.2 BS17-GCO01

In BS17-GCO01, elevated concentrations of biogenic opal were
observed in sediments deposited during interglacial MIS 1 (10-12%)
and MIS 3 (8-10%), whereas low concentrations (<5%) were observed
during MIS 2 and 4 (Figure 4D). TOC concentrations were generally
lower than BS17-GC02 (<0.2%). Except for a brief peak (0.2%) in MIS
4, TOC concentrations were relatively increased during MIS 1 and 3,
compared to MIS 2 and 4 (Figure 4F). C/N ratios were lower during
MIS 1 and 3, than MIS 2 and 4 (Figure 4G). CaCO;5 was generally
absent in the core, but a trace amount (0.6-0.8%) was observed in
sediments deposited during MIS 2 (Figure 4H).

5.3 Diatom and palynology record
5.3.1 BS17-GCO02

Twenty-four diatom species belonging to 10 genera were
identified in BS17-GC02. Diatoms were abundant (46-243 10°
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valves/g) during interglacial MIS 1, 5, and 7, and were absent in
other lithologies (Figure 3H). Fragilariopsis kerguelensis, an open
ocean species (Crosta et al., 2005; Xiao et al., 2016), dominated the
assemblages (85-95%) (Figure 3I). Other minor species were found
together with F. kerguelensis during interglacial MIS 1, 5, and 7 and
were absent in the other intervals (Table S2).

Palynomorphs concentrations of BS17-GC02 are very low
(<165 palynomorphs/g sediment) in all 13 samples examined
(Figure 3G). Although the palynomorph abundance was
extremely low (~10 specimens/g) in the dark brown units, these
samples contained Impagidinium pallidum. This is one of the few
forms of dinoflagellate cyst observed in modern high southern
latitudes core top samples, and is inferred to be in situ (Esper and
Zonneveld, 2007; Prebble et al.,, 2013). Intervals with a
palynomorph concentration of >45 palynomorphs/g contains a
mixture of dinoflagellate cyst and pollen forms characteristic of
pre-Quaternary Antarctic Sediments of Eocene-Miocene age
(Truswell, 1983; Askin, 2000; Askin and Raine, 2000). These
dinoflagellate cysts include Hystrichosphaeridium spp.,
Enneadocysta, Operculodinium spp., and Spinidinium spp., while
pollen includes various types of Nothofagidites, Podocarpidites spp.,
trilete, and monolete spores (Table S2).

5.3.2 BS17-GCO1

Eighteen diatom species belonging to 12 genera were
identified in BS17-GCO1. Diatoms were abundant (112-202
x10°/g) during MIS 1, and were very rare to absent during MIS
2-4 (Figure 5H). During MIS 3, biogenic opal concentration was
relatively high. In contrast, diatoms samples from sediments of
MIS 3 were barren. F. kerguelensis was dominant (83-100%) in
most samples were diatoms were present (Figure 5I). At 59 cm,
the relative abundance of F. kerguelensis was reduced to 55%. In
that sample, Dactyliosolen antarcticus (22%), Eucampia
antarctica sp. (11%), and Paralia sulcata (11%) were more
common (Figure 5I, Table S1).
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5.4 Grain size analysis and grains >1 mm

5.4.1 BS17-GCO02

Sediments of BS17-GCO02 are dominated by mud fraction
(Figure 3A), with silt fraction higher than clay fraction
(Figure 3A). Laminated intervals are characterized by a marked
increase in mean grain size (MGS), driven by an increase in silt
fraction. The MGS was generally less than 20 um (Figure 3B). In
addition, sortable silt (SS: 10-63 wm) MGS showed a consistent
variation pattern with MGS (Figure 3B).

Grains >1 mm are found throughout BS17-GC02 (Figure 3F),
and occur more frequently during deglacial periods, with highest
frequency during interglacial MIS 1, 5, and 7 (Figure 3).

5.4.2 BS17-GCO1
The mud fraction is dominant (>95%) during MIS 1 and 3,
whereas sand content sharply increased (up to 40%) during MIS 2 and
4 (Figure 5A). As a result, MGS increased during MIS 2 and 4. SS MGS
also showed consistent pattern with MGS variation (Figure 5B).
Interestingly, grains >1 mm were found during MIS 1 and 3, but
not found during MIS 2 and 4 (Figure 5G).

6 Discussion
6.1 Glacial periods

6.1.1 Deep-water site BS17-GCO02 ice covered
and likely anoxic during glacials

During glacial periods gray laminated mud was deposited at BS17-
GC02. This mud was characterized by fluctuating MS values, low a*
and b* values, low biogenic opal concentration, high but fluctuating
TOC concentration, high C/N ratios, low CaCO3 concentration, low
Mn/Ti, fluctuating MGS, high grain density, dispersed grains >1 mm,
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increased total palynomorphs represented by reworked species, and an
absence of diatoms (Figures 2, 3). These characteristics are very similar
to sediments deposited on the western Antarctic Peninsula continental
slope/rise during glacial periods (Pudsey and Camerlenghi, 1998;
Lucchi et al., 2002; Lucchi and Rebesco, 2007; Hillenbrand et al.,
2021). In the western Antarctic Peninsula region, laminated
sediments, with reduced biogenic component deposited during
glacial periods have previously been interpreted as being deposited
by a combination of contourite, meltwater plumite, and distal
turbidites (Hillenbrand et al., 2021 and references therein). We infer
broadly similar deposition mechanisms for BS17-GC02, although
since this site is located further north (~300 km from shelf break)
than other previously reported cores on the drift, we infer influence
from meltwater plumite to be low.

Sortable Silt MGS has previously been used as a proxy for
bottom current speed in a range of deep water settings (e.g., McCave
and Hall, 2006; McCave et al., 2017; Wu et al., 2018; McCave and
Andrews, 2019; Hillenbrand et al., 2021). Since SS MGS and
percentage of sortable silt in mud generally covaries in the core (r
> 0.5) (Figure 3D), we follow the approach of previous authors in
this region and apply SS MGS as a proxy for bottom current speed
at BS17-GC02 (McCave and Andrews, 2019; Hillenbrand et al.,
2021). Recently, modified sediment grain size distributions free of
IRD influence to recalculate SS MGS have been introduced to
sediments including IRDs in the polar regions (Stevenard et al.,
2023). The In(Zr/Rb) ratio is considered and is used as a grain-size
proxy free of sandy IRD influence in Antarctic sediment cores (Wu
et al., 2020; Stevenard et al.,, 2023). Since In(Zr/Rb) ratio of BS17-
GCO01 showed a good consistence with SS MGS (Figure 5), we did
not recalculate SS MGS free of IRD influence in this study. SS MGS
data showed a mean value of 19 um with standard deviation of 4
um, indicating a relatively small glacial-interglacial changes in
bottom-current velocity (Figure 3B). This is consistent with
previous study results (Pudsey and Camerlenghi, 1998;
Vautravers et al., 2013; Hillenbrand et al., 2021).
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TOC concentrations at BS17-GC02 increased during glacial
periods (Figure 2F). Hillenbrand et al. (2021) reported increased
refractory TOC during glacial periods in the glacial sediments in the
western Antarctic Peninsula. C/N ratios are indicative of the degree
of marine vs terrestrial organic matter because marine organic
matter has lower C/N ratios than those of terrestrial organic matter
(Lamb et al., 2006 and references therein). Despite the lack of extant
terrestrial vegetation and unique soils on present day Antarctica,
this relationship has also been used to infer changes in organic
matter source on glacial-interglacial time scales in the Ross Sea and
the Scotia Sea, where analysis of sediment cores showed high C/N
ratios during glacial periods (Kim et al., 2020a; Kim et al., 2020b; Ha
et al.,, 2022). In addition, high C/N ratios are found in subglacial to
proximal depositional environments in the Antarctic sediments
(Smith et al., 2019). Thus, high C/N ratios in laminated gray mud at
BS17-GCO02 suggest that the high TOC concentration is related to
the reworked TOC from shelf regions during advance of grounded
ice. Palynomorph assemblages also support down slope reworking
(Figure 3G). MS values are commonly observed to correlate to
proxies of terrestrial input in the Antarctic sediment cores, often
showing high values during glacial periods (Leventer et al., 1996;
Pudsey and Camerlenghi, 1998; Hillenbrand and Cortese, 2006;
Hillenbrand et al., 2009; Kim et al., 2020a; Kim et al., 2020b;
Hillenbrand et al., 2021). We infer this relationship is also likely
to hold in the present setting, and interpret intervals of increased
and fluctuating MS values to indicate terrestrial sediment input
from the shelf region (Figure 2A).

In the modern Southern Ocean south of the Polar Front,
biogenic opal production is controlled by sea ice (Chase et al,
2015). During glacial periods, a northward expansion of both
summer and winter sea ice coverage around the Antarctic margin
has been proposed (Gersonde et al., 2005), along with northward
migration of oceanic fronts (Kemp et al., 2010; Manoj and
Thamban, 2015; Roberts et al., 2017). The sedimentary signature
of these glacial sediments is terrigenous laminated/stratified mud
with rare IRD, and a low proportion of biogenic components
(biogenic opal and CaCO3) (Hillenbrand et al., 2021). We infer
the low biological productivity of surface waters during glacial
periods in our study area is likely related to extended sea ice
conditions coinciding with northward front migration. Lucchi
and Rebesco (2007) and Hillenbrand et al. (2021) also proposed
that perennial sea ice condition in the south of BS17-GC02 during
glacial periods.

Normalized Mn/Ti ratios in marine sediments have been used
as an indicator of relative bottom water oxygenation in deep ocean
settings (e.g., Jaccard et al., 2016; Wagner and Hendy, 2017; Wu
et al., 2018). Mn/Ti was constantly low during glacial periods,
consistent with low oxygen conditions (Figure 2I). Although
Hillenbrand et al. (2021) proposed progressively decreasing
bottom water oxygenation in glacial-aged sediment cores on the
drift off the western Antarctic Peninsula, they inferred conditions
remained oxic throughout. We acknowledge that Mn/Ti is
uncalibrated, and because other redox sensitive elements were not
measured in this study and by Hillenbrand et al. (2021), it is difficult
to be confident about the exact oxygenation state of the bottom
water during glacial periods. However, we note that in our cores,
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laminations deposited during glacial periods were well preserved
without bioturbation, suggesting that the bottom water oxygen may
have been too low to support benthic organisms. We infer that
bottom water oxygen concentration was low during glacial periods
in our study area (dysoxic to anoxic), consistent with conclusions of
other workers from around the Antarctic continent supporting
ceased/decreased AABW formation (e.g., Jaccard and Galbraith,
2012; Galbraith and Jaccard, 2015; Jaccard et al., 2016; Wagner and
Hendy, 2017; Wu et al., 2018). Bottom water oxygenation is related
to ventilation and export production (Kim et al., 2011; Jaccard and
Galbraith, 2012; Galbraith and Jaccard, 2015; Jaccard et al., 2016;
Kim et al, 2017; Wagner and Hendy, 2017; Wu et al,, 2018).
Although increased TOC is refractory, the relatively high TOC
concentration has potential to draw down bottom water oxygen in
the study area. The decomposition of the elevated TOC input may
additionally draw down dissolved oxygen concentration of the
bottom water during glacial periods. Thus, the dysoxic to anoxic
bottom water condition was ascribed to ceased/decreased oxygen-
rich AABW formation and additional decomposition of elevated
organic matter during glacial periods.

A schematic of the inferred depositional environments during
the interglacial phase is shown in Figure 6A.

6.1.2 Glacial deposition at BS17-GCO01

There is a brown interval, corresponding to MIS 3, at BS17-GCO01.
Mn/Ti ratio showed high values in both brown intervals (MIS 1 and 3)
(Figure 41). We infer these ratio values are consistent with oxic bottom
water condition at BS17-GCO1 site during MIS 3, coinciding with
increased opal concentrations during this time. However, no diatoms
or other bio-siliceous fragments were observed (Figure 7). However,
due to the presence of black colored volcanic sand sized grains we infer
the origin of the opal is volcanic. Volcanic grains are vitric in BS17-
GCO1 (Figure S1). This means that they are volcanic glass shards
which are amorphous and uncrystallized product of rapidly cooling
magma. As a result, they may have low MS values (Li and Fu, 2019)
and tend to be extracted by we-alkaline method. In addition, Zulaikah
and Nurlaily (2018) reported volcanic ash has lower MS values than
classic sand and/or silt. High C/N ratios also indicate that reworked
sediments are dominant.

During MIS 2, diatom production was low, but the assemblage
was dominated by F. kerguelensis (Figures 5H, I), with occurrences
of Eucampia antarctica sp., an indicator BS17-GC01 probably
covered by seasonal, but not perennial, sea ice during that time
(Crosta et al., 2005; Xiao et al., 2016) (Table S1). Increased gravelly
IRDs (grains >1 mm) were observed only during MIS 3 which is
relatively warmer climate during the last glacial period MIS 2 and
MIS 4 (Figure 5G). The absence of gravelly IRDs at BS17-GCO01
indicates that gravelly IRDs were probably limited to BS17-GC02
site during MIS 2 and 4.

SS MGS showed increased values up to 40 pm during MIS 2 and
4 (Figure 5B). This indicates that the bottom current intensified
during MIS 2 and 4 at distal continental rise site. That is, bottom
current speed was higher at BS17-GCO01 than that at BS17-GC02
during MIS 2 and 4. In(Zr/Rb) data are largely in agreement with SS
MGS data, supporting stronger bottom current at BS17-GCO1 site.
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FIGURE 6

Schematic depositional models of (A) glaciation phase, (B) deglaciation phase, and (C) fully retreated phase (late/warm interglacial period) in the
Bellingshausen Sea continental rise. PF, planktonic foraminifers and IRD, ice rafted debris.

In both the Scotia and Bellingshausen Seas, the increased MS
values during glacial periods are related to sand- to coarse silt-sized
grains (16-250 um) having high MS values, implying that MS could
be used to infer IRD transport in this setting (Kim et al., 2018b; Kim
et al., 2020b; Shin et al., 2020; Kim et al., 2022a). Kim et al. (2020b)
proposed that different source regions between glacial and deglacial/
interglacial periods could result in different IRD with different
characteristics deposited at the sites. Kim et al. (2022a) proposed
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that sand- to coarse silt-sized grains, entrapped into grounded ice
while advancing, were mainly deposited on the continental shelf
during ice shelf development during deglacial to interglacial periods
by sub ice shelf melting. In contrast, icebergs during glacial periods
still contains the sand- to coarse silt-sized grains and were drifted
into the deep basin. We infer that IRD was delivered to BS17-GC01
throughout the last glacial period, but the size characteristics if the
IRD was unique during MIS 3. However, it was reported that very
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FIGURE 7

Microscopic photos of grains >63 um of BS17-GCO01 at (A) 0 cm, (B) 20 cm, (C) 50 cm, (D) 70 cm, (E) 110 cm, (F) 140 cm, (G) 170 cm, and (H)
200 cm. 0 cm and 20 cm belong to MIS 1, 50 cm and 70 ¢cm belong to MIS 2, 110 cm, 140 cm, and 170 cm belong to MIS 3, and 200 cm belongs to

MIS 4

fine sands can be sorted by bottom current in the Drake Passage
where (Wu et al,, 2021). Nonetheless, sand sized grains are difficult
to be transported from source areas considering the directions of
currents and sinking rate of sand grains. SS MGS values during MIS
2 and 4 are ~40 um (Figure 5B), which is similar to those reported
in the Drake Passage (Wu et al., 2021). Thus, possibility of sorting
sand sized grains by bottom current cannot be ruled out.

A schematic of the inferred depositional environments during
the glaciation phase is shown in Figure 7A.

Frontiers in Marine Science

6.2 Deglacial periods

6.2.1 BS17-GC02

During deglacial periods, brown laminated mud was deposited
at BS17-GC02. This mud was characterized by fluctuating MS
values, high a* and b* values, low/decreased C/N ratios, high Mn/
Ti, fluctuating MGS, high grain density, and disperse grains >1 mm.
Biological characteristics of the interval included low biogenic opal,
TOC, CaCOs;, an absence of diatoms, and increased total
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palynomorphs represented by reworked species (Figures 2, 3).
These characteristics are similar to those observed in other
deglacial settings (Hillenbrand et al., 2021).

The overall sedimentary characteristics between glacial and
deglacial periods in this setting are quite similar (Hillenbrand
et al,, 2021; this study). Thus, deglacial brown laminated mud at
BS17-GCO02 is considered mainly contourites as well. However, we
infer that the down-slope sediment transportation mechanism is
different between glacial and deglacial periods. Down-slope
sediment transportation occurred by the advance of grounded ice
across the shelf during glacial periods (Hillenbrand et al., 2021), but
occurred by sediment-rich subglacial melt water out as grounded ice
retreats across the shelf during deglacial periods.

Other outstanding difference between the two periods are
sediment color and elemental composition; gray with low Mn/Ti
during glacial periods vs brown with high Mn/Ti during deglacial
periods (Figure 2I). Elevated Mn has been widely reported from the
Southern Ocean during deglacial periods, and attributed to high-
oxygen conditions (Jaccard and Galbraith, 2012; Galbraith and
Jaccard, 2015; Jaccard et al., 2016; Wagner and Hendy, 2017; Wu
et al., 2018): we infer the increased Mn/Ti rations during deglacials
at BS17-GC02 arises from increased bottom water oxygenation.
This is consistent with observations of rapidly increasing bottom-
water oxygen oxygenation during glacial termination at other sites
along the western Antarctic Peninsula (Hillenbrand et al,, 2021) and
in Prydz Bay (Wu et al., 2018).

We are intrigued by the constantly low TOC concentrations
(Figure 2F). It has previously been suggested that TOC minima in
these settings could imply low (1-2 cm/kyr) sedimentation rates or
minimum input of refractory organic material (Hillenbrand et al.,
2021). A few deci-meter to meter scale deposits during deglacial
periods implies that high sedimentation rates although we cannot
define the glacial-deglacial-interglacial boundary precisely in this
study. The thickness of glacial terminations of previously reported
cores also showed similar sedimentation (Hillenbrand et al., 2021).
In the Scotia Sea surface diatom production started to increase from
deglacial periods with sea ice retreat (Sprenk et al., 2013; Xiao et al.,
2016; Kim et al., 2020b). As sea ice is the main controlling factor for
surface diatom production in the Southern Ocean (Chase et al,
2015), surface diatom production should have increased during
deglacial periods with sea ice decrease although the signal of
increased production is not clear in sediments. This is supported
by C/N ratios. The last deglacial period showed TOC minima with
low to moderate C/N ratios indicating some sediment input from
the shelf region (Figures 2F, G). However, the two previous deglacial
intervals showed low C/N ratios indicating that organic carbon
relatively more originates from surface water by biological
production. However, decomposition of non-refractory organic
matter under oxic bottom water conditions can draw down TOC
concentration (Hillenbrand et al., 2021). This likely results in low
TOC concentrations in the sediment. Thus, TOC minima with low
to moderate C/N ratios indicates increased proportion of marine
organic matter and increased decomposition of the organic matter
under oxic bottom water conditions during deglacial periods. Co-
occurrence of bioturbation and laminated mud during deglacial
periods suggests depositional alternation between lamination as a
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combination of distal turbidite and contourite leaving high
sedimentation and bioturbated hemipelagic deposition leaving
low sedimentation. This seems to be related to discontinuous
retreat of ice sheet/shelf on the shelf.

A schematic of the inferred depositional environments during
the interglacial phase is shown in Figure 6B.

6.2.2 BS17-GCO01

The faintly laminated, bioturbated brown interval at BS17-
GCO01 is considered to represent deposition during the last
deglacial period (Figure 4). MS values sharply decreased into the
last deglacial, accompanied by an increase in biogenic opal
concentration (Figures 4A, D). We infer this represents an
increase in diatom production, while the assemblage contains
increasing frequency of the (mainly) open water species F.
kerguelensis (Figure 5H). Although C/N ratios of BS17-GC02
showed moderate values, those of BS17-GC01 showed low values
(Figures 2G, 4G). This means that BS17-GCO01 site became open
ocean condition earlier than BS17-GC02, as expected. The long
distance of BS17-GCO01 from the shelf break can additionally result
in less terrestrial influence than BS17-GCO02. Mn/Ti started to
increase with a* and b* increases, indicating oxygenated bottom
water condition at BS17-GCO1 site (Figures 4B, C, ).

A schematic of the inferred depositional environments during
the deglaciation phase is shown in Figure 6B.

6.3 Interglacial periods

6.3.1 Interglacial periods from site BS17-GC02

During interglacial periods, dark brown to gray biogenic
bearing mud is deposited at BS17-GC02. It is characterized by
minimum of MS values, high a* and b* values, increased biogenic
opal concentration, increasing TOC concentration, increasing C/N
ratios (but still low), increased CaCO; concentration (right after
biogenic opal), high Mn/Ti, fluctuating MGS, low grain density,
abundant grains >1 mm, decreased total palynomorphs represented
by modern like species, and increased diatoms consisting mainly of
F. kerguelenesis (Figures 2, 3). These characteristics are similar to
those of peak to moderate (late) interglacial periods in the western
Antarctic Peninsula (Hillenbrand et al., 2021).

As previous studies in the Amundsen and Bellingshausen Seas
reported increased surface diatom productivity during interglacial
periods (Hillenbrand et al., 2009; Hillenbrand et al., 2021), biogenic
opal concentration showed its maxima within dark brown intervals,
indicated by the maxima of a* and b* (Figures 2B, C). TOC
concentration increased but C/N ratio was still low, implying that
export production increase is related to increased surface water
diatom production (Figures 2F, G). Total diatom valves also
significantly increased during interglacial periods (Figure 2I). The
dominant species is F. kerguelensis, an open ocean species indicating
Antarctic Circumpolar Current influence (Zielinski and Gersonde,
1997; Abelmann et al., 2006; Xiao et al., 2016). In addition, total
palynomorph, composed of reworked species, is significantly
reduced but few species living modern like open ocean conditions
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was observed (Figure 3G). MS values were constantly low and grain
density decreased, implying less terrestrial input and increased
biogenic component under open ocean conditions during
interglacial periods.

Occurrence of grains >1 mm was focused on the interglacial
periods implying that gravelly IRD input likely increased during
interglacial periods in the Bellingshausen Sea (Figure 3F). Mn/Ti
ratio was also elevated, but not higher than those during deglacial
periods despite its darker brown color (Figure 2I). Although TOC
concentrations were similar to those observed during glacial
periods, interglacial sediments are characterized by brown color,
bioturbation, and high Mn/Ti (Figure 2I). These characteristics
suggest bottom water at BS17-GC02 remained oxygenated during
interglacial periods. We conclude that the main factor to control
bottom water oxygenation in this setting is bottom water formation,
not surface production, which draws down dissolved oxygen by
decomposition, in the Bellingshausen Sea. An increase in CaCOj;
concentration, mainly composed of planktonic foraminifera N.
pachyderma, overlies biogenic opal maxima at BS17-GC02 during
MIS 5 and 7 coincident with change of sediment color changed into
gray across a gradual bioturbated boundary (Figure 2). However,
neither CaCOj3 peak nor gray colored sediment were observed in
MIS 1. This suggests that increased CaCOj5 intervals may include
also the early part of glacial periods. This is consistent with previous
reports that high biogenic intervals correspond to glacial to early
part of glacial periods (Hillenbrand et al., 2021).

A schematic of the inferred depositional environments during
the interglacial phase is shown in Figure 6C.

6.3.2 Interglacial periods from site BS17-GCO01

Although biogenic opal concentration maxima occurred in peak
interglacial periods of BS17-GCO01, marked by dark brown intervals
corresponding maximum of a* and b*, dark brown intervals were
not observed in the core (Figure 4). Biogenic opal concentration
showed high values and total diatom valves, consisting of mainly F.
kerguelensis (~90%), were outstandingly high, indicating increased
surface diatom production under open ocean conditions
(Figures 4D, 5H, and 5I). Grain density showed decreased values,
also supporting increased biological composition at BS17-GCO1.
Biogenic opal and TOC concentration at BS17-GC01 was lower
than BS17-GCO02. This is consistent with lower grain density values
at BS17-GCO02 than those at BS17-GCO01 (Figures 3E, 5F). CaCOs3
concentrations of BS17-GC01 and BS17-GC02 during MIS 1 were
very low although those of BS17-GC02 during MIS 5 and 7 were
relatively high (Figures 2H, 4H). Since core top CaCOs;
concentration increase was found from some cores not all,
indicating some local effect (Hillenbrand et al., 2021).

Decreased SS MGS values and In(Zr/Rb) during MIS 1 indicates
that bottom current was intensified during MIS 2 and 4 at BS17-
GCO01 site. The last glacial-Holocene Antarctic Circumpolar
Current flow speed differences in the Drake Passages showed
different pattern according to its latitude (McCave et al., 2014). In
addition, glacial-interglacial frontal migration in the Southern
Ocean was reported (Kemp et al,, 2010; Manoj and Thamban,
2015; Roberts et al., 2017). Thus, the bottom water intensity change
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on glacial-interglacial scale at the study site is also considered to be
related to glacial-interglacial frontal migration. As McCave et al.
(2014) and Kim et al. (2020b) reported increased SS MGS from the
south of the Polar Front close to slope/rise boundary, BS17-GC01
record might reflect intensified southwestward flowing bottom
current influence.

A schematic of the inferred depositional environments during
the interglacial phase is shown in Figure 6C.

7 Conclusions

In this study, we documented glacial-interglacial succession
from two sediment cores from the Bellingshausen Sea continental
rise to understand glacial-interglacial changes in oceanographic
conditions and depositional process in response to ice sheet
dynamics. The followings are the main conclusions:

1. Surface diatom production started to increase from
deglacial periods as ice sheet/shelf retreated, reaching a
maximum during interglacials MIS 1, 5, and 7. In MIS 5
and MIS 7, the maxima of diatom productivity was overlain
by a CaCOj; peak (but not in MIS 1). Low diatom
production is thought to be related to the influence of
extensive sea ice. Low MS values also indicate that input of
terrestrial material was lowest during MIS 1, 5, and 7.
However, frequent occurrence of IRD grains indicate active
ice shelf calving on the shelf during interglacial periods.

2. Terrestrially-derived, laminated mud was dominant during
glacial and deglacial periods. During glacial periods, gray
laminated mud was observed, with increased refractory
TOC, low Mn/Ti, and lacking bioturbation, implying
dysoxic bottom water conditions. In contrast, we infer,
brown laminated mud with increased Mn/Ti and
intermittent bioturbation observed in sediments deposited
during deglacial periods, implies oxic bottom water
conditions.

3. Increased bottom water oxygenation endured during
interglacial periods until surface diatom production
increased. Thus, we infer the main factor controlling
bottom water oxygenation in this setting is the degree of
AABW formation; increased during interglacial and
decreased during glacial periods.

4. A strong correlation between SS MGS and %SS imply that
SS at two cores can be used as a proxy for bottom current
intensity, despite IRD influence. Laminated mud during
glacial to deglacial periods is likely a result of varying
bottom current intensity.
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The paleoproductivity in the Southern Ocean plays a crucial role in controlling
the atmospheric CO, concentration. Here, we present the sediment record of
gravity core ANT37-C5/6-07, which was retrieved from the Cosmonaut Sea (CS),
Indian Ocean sector of the Southern Ocean. We found that the change in the
oxygen concentration in the CS bottom water is strongly correlated with the
atmospheric CO, fluctuations since the Last Glacial Maximum (LGM). Based on
the change in the export production, we reconstructed the evolution history of
the deep-water ventilation/upwelling in the study area. During the LGM, a large
amount of respiratory carbon was stored in the deep Southern Ocean due to the
effect of the low export productivity and restricted ventilation. The oxygen
concentration was also low at this time. Despite the increase in
paleoproductivity, the biological pump efficiency remained at a low level
during the Last Deglaciation. Vast quantities of CO, were released into the
atmosphere through enhanced upwelling. The recovery of ventilation during this
period facilitated the supply of oxygen-rich surface water to the deep ocean.
Moreover, signals were identified during the transitions between the Heinrich
Stage 1 (HS1), Antarctic Cold Reverse (ACR), and Younger Drays (YD) periods.
During the Holocene, the productivity increased overall, and the oxygen in the
bottom water was consumed but still remained at a high level. This may have
been caused by the enhanced ventilation and/or the prevalence of East
Cosmonaut Polynya (ECP) near Cape Ann.
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1 Introduction

The Southern Ocean covers approximately 20% of the global
ocean area, accounts for 30-40% of the global oceanic net CO,
absorption and serves as an important carbon sink region (Gao
et al.,, 2001). The Southern Ocean could exert a substantial control
on the partial pressure of CO,, due to its leverage on the efficiency of
the global soft-tissue pump through which the photosynthetic
production, sinking and remineralization of organic matter store
dissolved inorganic carbon (DIC) in the ocean’s interior (Sarmiento
and Nicolas, 2006; Jaccard et al, 2016). The atmosphere-ocean
carbon cycle is inextricably linked to ocean production in all sectors
and at all times (Jaccard et al,, 2005; Sigman et al,, 2010). In the
southern part of the Antarctic Polar Front, the surface productivity
tends to decrease during cold periods and increase during warm
periods (Bonn et al., 1998; Anderson et al., 2009). Marine primary
productivity refers to the ability of marine upper plankton to
convert inorganic carbon into organic carbon (Raynaud et al,
1992; Graham et al., 2015). By studying marine paleoproductivity,
we can gain insights into the CO, exchange between the ocean and
atmosphere, providing a better understanding of the
biogeochemical cycle of carbon in atmosphere-ocean-benthic
sediment systems (Paytan et al., 1996; Lin et al., 1999).

Previous research has established that marine diatoms are
responsible for the majority of the primary production in the
Southern Ocean (DeMaster et al., 1991). As the primary producer
in Antarctic coastal waters, diatoms assimilate dissolved Si and CO,
in water for growth, consequently providing over 75% of the
Southern Ocean’s export productivity (Queguiner et al., 1991;
Nelson et al., 1995). Silica productivity in seawater mainly
consists of biogenic opal and organic matter (Bonn et al., 1998).
Following their demise, the remains of diatoms detach from the
surface seawater and sink to the seafloor, making Si a crucial
component in governing the carbon cycle in the Southern Ocean
(Treguer, 2002). Biogenic silicon is a valuable proxy and is closely
associated with climatic conditions (Armand et al.,, 2005; Crosta
etal., 2005; Esper et al., 2010; Esper and Gersonde, 2014a; Esper and
Gersonde, 2014b). Hence, it is widely used in the studies of
paleoproductivity and the carbon cycle in the Southern Ocean
(Agnihotri et al., 2008; Hu et al., 2022). Moreover, the
exportation, sedimentation, and preservation of biogenic silicon
are closely related to the occurrence of marine barite (BaSO,) in
sediments, and there is a strong correlation between the
accumulation of biogenic barium and the carbon output to the
deep sea (Dymond et al.,, 1992). Consequently, researchers have
conducted many investigations on the paleoproductivity in the
Southern Ocean, using biogenic barium as an alternative indicator
(Dehairs et al., 1991; Bonn et al., 1998; Fagel et al., 2002).

Reconstructing changes in bottom water oxygenation in the
past can provide a better understanding of the relevant processes.
The remineralization of organic matter leads to significant changes
in the dissolved oxygen concentration, in conjunction with
variations in respiratory carbon storage (Hoogalkker et al., 2015;
Jaccard et al., 2016; Jacobel et al., 2017; Anderson et al., 2019). The
temporal evolution of bottom water oxygenation can be
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reconstructed qualitatively using the distribution of redox-
sensitive metals in marine sediments (Calvert and Pedersen, 1996;
Nameroff et al., 2002). Enhanced ventilation, particularly in high-
latitude regions, plays a significant role in the provision and
recovery of the oxygen content in deep ocean layers (Schmittner
et al,, 2008; Ridgwell and Schmidt, 2010; Amsler et al., 2022). As a
result, identifying the redox environment in the deep Southern
Ocean is essential to understanding the changes in deep-sea
ventilation and surface water productivity (Pailler et al., 2002; Li
et al., 2010; Jaccard et al., 2016).

While previous studies have gained a regionally integrated
understanding of the leverage the Southern Ocean bears
on the air-sea partitioning of CO, across the last deglacial
termination, observations are largely based on records from the
southern Atlantic. Records from the Pacific and Indian sectors of
the Southern Ocean are consistent with the first-order
paleoceanographic evolution, but regional specificities exist. In
particular, it remains unclear how export production patterns
vary regionally in the Indian sector of the Southern Ocean, and
they are characterized by a complex frontal structure (Durgadoo
et al., 2008).

Based on the connections to the global ocean, the overturning
circulation of the Southern Ocean has been usefully separated into
“upper” and “lower” cells (Toggweiler et al., 2006). Previous
studies in the Indian Ocean sector focused on the SAZ and the
AZ near the Polar Front and reflected the changes in the upper cell
of the Southern Ocean ventilation (Ai et al., 2020; Sigman et al,,
2021; Amsler et al., 2022). Based on five sediment cores
encompassing the Subantarctic and Antarctic zones in the
southwestern Indian Ocean, Amsler et al. (2022) argued that
regional changes in the export of siliceous phytoplankton to the
deep sea may have entailed a secondary influence on oxygen levels
at the water-sediment interface, especially in the SAZ near the
Polar Front. Although these records highlight the role that the
Indian Ocean sector played in the air-sea partitioning of CO, on
glacial-interglacial timescales, they are still insufficient to reveal
the impact of the lower cell, which ventilates the deeper limb of the
Southern Ocean’s overturning circulation. In the western
Cosmonaut Sea, recent studies were conducted by Hu et al.
(2022) and Li et al. (2021). Based on a study of core ANT36-
C4-05, Hu et al. (2022) argued that the paleoproductivity of the
Cosmonaut Sea has fluctuated strongly since the Middle
Holocene, and its evolution trend is basically consistent with the
temperature change in the Antarctica, which is greatly restricted
by the change in the sea ice range. Li et al. (2021) compared the
diatom data for two cores from the western Cosmonaut Sea to
other records from the Southern Ocean to reveal the climatic
response of the ice-proximal environment to the melting of the ice
sheet from the Last Glacial Maximum (LGM) to the Holocene.
Both investigations were carried out in the Antarctic Zone of the
Cosmonaut Sea, far from the coast.

Based on the baseline research on oceanography, krill, and the
environment-West (BROKE-West) survey, Westwood et al. (2010)
reported that the rate of primary productivity was significantly
higher within the marginal ice zone compared to the open ocean.
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The region between 50°E and 60°E has been reported to be a region
of converging flow because the Antarctic Slope Current (ASC) is
directed northwestward by the topography along the Mawson Coast
and meets the Antarctic Circumpolar Current (ACC) north of Cape
Ann (Williams et al., 2010). Based on observational and satellite
data, Anilkumar et al. (2014) found that the Chl a content is high in
the coastal region between 52°E and 60°E, with the maximum
occurring between 52°E and 54°E. This region is located in the
southern part of the ACC, making it an important upwelling region
associated with the atmospheric Antarctic Divergence (Williams
etal, 2010). Since the upwelling caused by the Antarctic Divergence
draws circumpolar deep water (CDW) into the surface waters, it is
sometimes co-located with the southern boundary (SB) of the ACC.
This upwelling feature is thought to be associated with increased
biological activity in all trophic levels (Nicol and Foster, 2003).
Moreover, the region offshore of Cape Darnley immediately to the
west has high oxygen concentrations and bottom-intensified flows,
suggestive of local bottom-water formation that can extend
westward to ~30°E (Meijers et al., 2010).

Overall, the productivity in the Cosmonaut Sea coastal region
north of Cape Ann has significant regional characteristics and is
closely related to the lower layer of the circulation system in the
Indian Ocean sector. There is great potential in using the
sedimentary records of the Cosmonaut Sea since the LGM to
learn about the evolution of climate-driven biogeochemistry. In
this study, we established a chronological framework for the top
segment of core ANT37-C5/6-07. Based on suitable proxies of
paleoproductivity and bottom-water oxygenation, we aimed to
reconstruct the co-evolution of the paleoproductivity and deep-
water ventilation in the Cosmonaut Sea since the LGM and to reveal
their impact and feedback on the carbon cycle in the Indian Ocean
sector of the Southern Ocean.

10.3389/fmars.2023.1215048

2 Regional setting

The Cosmonaut Sea is part of the Indian Ocean sector of the
Southern Ocean, spanning 30-60°E. It is bordered by the Enderby
Land to the south, the Cooperation Sea to the east, and the
Gunnerus Ridge to the west, and it is adjacent to the Riiser-
Larsen Sea (Figure 1) (Hu et al, 2022). There are mainly three
small bays along the coast, namely, the Amundsen Bay, the Casey
Bay, and the Liitzow-Holm Bay from east to west. The Cosmonaut
Sea is located in the middle of two large bays, the Weddell Bay and
the Prydz Bay, which create two major circulation systems around
the study area, the East Weddell Gyre and the Prydz Bay Gyre,
respectively (Heywood et al., 1999; Meijers et al., 2010). The bottom
edge of the Amery Ice Shelf in the Prydz Bay may extend to the area
near the eastern coast of the Cosmonaut Sea (Wong et al., 1985).

The ocean current system in the Cosmonaut Sea area exhibits a
complex pattern (Hu et al., 2022). The region has three distinct
banded fronts: the southern front of the ACC (sACCf), the SB, and
the Antarctic Slope Front (ASF) from north to south (Meijers et al.,
2010). The ASF is effectively the result of the deepening of the T\,
layer over the upper continental slope toward the shelf break
(Williams et al., 2010). A strong westward current, associated
with the horizontal pressure gradient of the ASF, is referred to as
the Antarctic Slope Current (ASC). The main feature of the ASC is a
strong jet that is generally located over the upper continental slope
at depths of 750-1250 m. The surface circulation consists of the
eastward flowing ACC and the westward flowing Antarctic Coastal
Current (CC) (Figure 1). The Antarctic Coastal Current flows
westward through the Cosmonaut Sea from the Prydz Bay,
forming two branches at the Gunnerus Ridge. One continues
westward, while the other branch creates an anticyclonic
circulation that deflects to the northeast (Bibik et al., 1988).

FIGURE 1

Regional setting and locations of the studied and referenced cores. The black solid line indicates the location of the Antarctic Polar Front (APF) (Orsi
et al,, 1995). The white solid line and the white dashed line indicate the average extent of the modern winter sea ice (WSI) and summer sea ice (SSI),
respectively (Comiso, 2003). The ocean circulation patterns of the Antarctic Circumpolar Current (ACC) and the coastal current (CC) are indicated by
the orange and blue arrows, respectively (modified after Hunt et al.,, 2007). The green and gray arrows indicate the Weddell Gyre and the Prydz Bay
Gyre, respectively (modified after Hu et al,, 2022). The golden dotted line indicates the southern front of the ACC (sACCf) (Hu et al., 2022). The
southern boundary of the ACC (SB) is denoted by the orange dashed line (Hunt et al,, 2007). The red rectangle represents the position of the ECP

(Comiso and Gordon, 1996).
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The ACC predominantly consists of the CDW, which is
transported eastward around Antarctica, connecting the Atlantic,
Indian, and Pacific oceans (Williams et al., 2010). The lower CDW
originates from North Atlantic Deep Water, while the upper CDW
consists of Indian Deep Water and Pacific Deep Water (Talley,
2013). The Southern Ocean also has a meridional overturning
circulation that transports the CDW southward toward the
Antarctic continental slope where it shoals and is transformed
into cold and fresh Antarctic surface water (AASW). Part of the
ACC water mass mixes with the shelf water near the front edge of
the continental shelf in the eastern Cosmonaut Sea (Bibik et al.,
1988; Klyausov and Lanin, 1988). The dense shelf water sinks off
Cape Darnley, forming the Cape Darnley bottom water (CDBW),
which contributes to the Antarctic bottom water (AABW) (Aoki
et al., 2020). Based on lowered-acoustic Doppler current profiler
(LADCP) data, Meijers et al. (2010) reported the occurrence of
westward-flowing AABW high on the continental slope. This
westward-flowing region at the bottom has been found to become
progressively deeper and covers our sampling point.

The East Antarctic Ice Sheet was relatively stable during the Last
Deglaciation, so, the Cosmonaut Sea was mainly affected by the melt
water from the West Antarctic Ice Sheet (Li et al., 2021). Previous
studies have pointed out that winter sea ice (WSI) can extend
northward to 60°S, while the range of the summer sea ice (SSI) in
the Indian Ocean zone of the Southern Ocean has remained
relatively unaltered from the LGM to the present day (Gersonde
et al, 2005). Based on more than 20 years of satellite observation
data, Comiso and Gordon (1996) reported a long-lasting polynya
near Cape Ann in the Cosmonaut Sea. Polynyas are areas of
persistent open water or reduced ice concentration surrounded by
sea ice (Smith et al., 1990; Morales Maqueda et al., 2004). The West
Cosmonaut Polynya (WCP) occurs west of 45°E, which is formed
by storms. The east polynya, located in the coastal region north of
Cape Ann, is known as the East Cosmonaut Polynya (ECP) (Prasad

Si/Ti Ca/Ti
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etal., 2005). Previous studies have suggested that ocean forcing and/
or divergent winds may have contributed to the formation of the
ECP (Comiso and Gordon, 1996; Arbetter et al., 2004; Bailey
et al,, 2004).

3 Materials and methods
3.1 Sample collection

Gravity core ANT37-C5/6-07 was obtained off the coast of Cape
Ann (65°21.27’S, 52°35.69°E) in the Cosmonaut Sea during the 37th
Chinese Antarctica Expedition. The core site is located north of the
modern SSI and south of the WSI range. Cape Ann is
the northernmost promontory on the Antarctic continent where
the surfaces of Antarctic glaciers reach, except for the Antarctic
Peninsula (Comiso and Gordon, 1996). The sampling point is
located on the continental ridge at a water depth of 2825 m. The
top of the core is shown as grayish olive green, and the lithology is
dominated by clayey silt. As shown in the X-radiographic image
(Figure 2), there is no obvious sedimentary hiatus in the core. The
entire core was divided into four segments with similar lengths. The
first segment at the top (length of 91 cm) was used in this study.

3.2 Dating

Reliably dating glaciomarine sediments deposited on the Antarctic
shelf since the LGM is challenging due to the scarcity of calcareous
(micro-) fossils and the recycling of fossil organic matter. Therefore,
accelerator mass spectrometry (AMS) '*C-dating is commonly
performed on the acid-insoluble organic fraction (AIO) of marine
sediments (Licht and Andrews, 2002; Hillenbrand et al., 2010; Hu et al.,
2022). The AIO primarily consists of diatomaceous organic matter, and
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FIGURE 2

Downcore distribution patterns of the paleoproductivity proxies, oxygenation proxies, and the percentage of >63 um grains in the core sediments.
(A) Si/Ti ratios, (B) Si content, (C) Ca/Ti ratios, (D) Ca content, (E) Bio Ba content, (F) Total Ba content, (G) Mn content, (H) Mn/Ti ratios, (I) U (XRF)
content, (J) percentage of >63 ym grains, and (K) mean grain size of core sediments.
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it is assumed to provide reliable age models for sediment cores retrieved
from the Southern Ocean (Licht and Andrews, 2002). We selected
sediment samples from six layers (1 cm, 12 cm, 32 cm, 45 cm, 68 cm,
and 91 cm) in the top segment and conducted radioactive "*C-dating
analysis of these samples at the Beta Analytic Testing Laboratory,
Miami (Table 1).

3.3 Paleoproductivity proxies

The main elements in the bulk samples were analyzed via X-ray
fluorescence spectrometry (XRF), while the trace elements were
analyzed using an Elan DRC-e inductively coupled plasma mass
spectrometry (ICP-MS) with a sampling resolution of 1 cm. The
sediment grain size was determined using a Mastersizer 2000
analyzer. In addition, we also used an XRF core scanner (ITRAX)
to collect optical and X-radiographic images and to obtain high-
resolution element profiles of the core. Since only biogenic barium
from discrete barite particles (associated with decaying organic
matter) provides information on the export of organic matter to
the seafloor, the impacts of barium from other sources must be
eliminated (Dehairs et al., 1980; Dymond et al., 1992). Investigations
of various sedimentary environments have shown that the main
impact comes from terrigenous debris, which varies widely between
200 and 1000 ppm (Dymond et al., 1992; Gingele and Dahmke, 1994;
Stroobants et al,, 1991). A normative approach is commonly used to
distinguish between detrital barium and biogenic barium (Bio Ba)
(Dymond et al., 1992; Gingele and Dahmke, 1994). The correlation
between Al and Ti in the samples is high (R* = 0.7894) (Figure 3E),
and the downcore distribution patterns of both are highly consistent
(Figures 3A, B), indicating the absence of significant biogenic Al
Therefore, the barium/aluminum ratio and the barium/titanium ratio
were used for the correction of the debris end. The equations for
calculating the biogenic barium content are as follows:

Bio Ba = Batoml - Alsam X (Ba/Al)ter (1)

Bio Ba = By — Tisum X (Ba/Ti)ter (2)

where Bio Ba denotes biogenic barium, and Bayg), Alsam, and
Tism are the total Ba, total Al, and total Ti contents in the sediment
sample, respectively. (Ba/Al), and (Ba/Ti), are used to indicate
the abundance of Ba in the continental crust. The Ba/Al ratio of

10.3389/fmars.2023.1215048

aluminum silicate in the global crust is 0.005-0.01, the average value
method was used to obtain a value of 0.0075 according to previous
studies (Dymond et al., 1992; Hu et al., 2022). The (Ba/Ti), value is
0.126 (Turekian and Wedepohl, 1961). We assumed that the
composition of the terrestrial materials related to the barium
content was constant in time and space (Bonn et al, 1998).
Figure 3 shows that there is no significant difference between the
distribution patterns of Bio Ba calculated using (Ba/Al),, and (Ba/
Ti)er- However, the range of the Bio Ba values calculated using (Ba/
Al)ye; is closer to that obtained in a previous study in the Indian
Ocean sector of the Southern Ocean (Figures 4G-I) (Bonn et al.,
1998), so we chose to use the Bio Ba content obtained using Eq. (1).

In addition, we also used the ratios of Si and Ca to Ti to indicate
changes in the paleoproductivity, thereby eliminating the impact of
the terrigenous clastic input (Cheshire and Thurow, 2005; Agnihotri
et al,, 2008). Finally, we selected Bio Ba and Si/Ti as alternative
proxies of the siliceous productivity, and Ca/Ti as an alternative
proxy of biogenic calcium carbonate and the calcareous productivity.

3.4 Oxygenation proxies

The concentration of redox sensitive elements (RSEs) in sediments
can reflect the oxygen content at the water-sediment interface and in
bottom water and has been widely used as an alternative indicator of
the redox environment in the deep ocean (Calvert and Pedersen, 1993;
Brown et al., 2000). Under reducing or suboxidizing conditions, Mn is
dissolved in water as ionic Mn(II). While under oxidizing conditions, it
produces Mn oxides/hydroxides in the form of Mn(III) or Mn(IV),
which are precipitated and enriched in the sediments (Calvert and
Pedersen, 1993; Calvert and Pedersen, 1996). When the deposition
environment becomes a suboxidizing or even anoxic environment
again, the Mn hydroxide will be reduced to Mn(II) (Mn>* or MnCI")
and will migrate upward or downward in the sediment column
(Middelburg et al, 1987; Brumsack, 1989; Morford et al, 2001).
Another characteristic of Ti is that it is almost unaffected by changes
in the redox conditions of seawater. We used the Mn/Ti ratio to
eliminate the dilution effect of terrestrial debris components (Wang
et al., 2018).

In oxygenated environments, uranium (U) is present as soluble U
(VI). When the seawater becomes oxygen-depleted, the U is
reduced and is precipitated as insoluble U(IV) in the form of

TABLE 1 AMS **C data and the calibrated calendar ages for the top 91 cm of core ANT37-C5/6-07.

Calibrated age

Old carbon age Calendar age

. C age

Material “ Blg)

616427 0-1 Organic carbon 5300 + 30
664982 11-12 Organic carbon 13230 + 50
664983 31-32 Organic carbon 18410 + 60
616428 44-45 Organic carbon 18210 + 50
664984 67-68 Organic carbon 19810 + 80
616430 90-91 Organic carbon 27830 = 120
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(a BP) €)) (Cal a BP)
2118 2118 0
11486 2118 9368
18035 2118 15917
17774 2118 15656
19280 2118 17162
28116 2118 25998
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Effects of different Ba/Al and Ba/Ti ratios (Egs. (1) and (2)) on computing the detrital barium background from the Batotal values. (A) Al content, (B) Ti
content, (C) Bio Ba content (Eq. (1)), (D) Bio Ba content (Eq. (2)), and (E) the correlation between Ti (%) and Al (%) of core sediments

uraninite (Morford and Emerson, 1999). Under reducing conditions,
the decrease in the U concentration of the sediment porewater will
create a concentration gradient between the bottom water and the
uppermost sediment layers. This gradient leads to the diffusion of the
dissolved U into the sediment and to the precipitation of authigenic U
(aU) phases (Langmuir, 1978). And the authigenic fraction typically
amounts for > 60% of the total U (Amsler et al., 2022). Therefore, the
Mn/Ti ratio and U content (data collected from the XRF core scanner)
were used as two proxies of the oxygenation of bottom water in
this study.

4 Results
4.1 Chronology

The AMS "C dating results for the selected three layers are
presented in Table 1. We found that an age reversal occurred at
32 cm. We speculate that at ~16 Cal ka BP, there may have been a
sudden intensify of terrestrial material input, resulting in the interference
of terrestrial-derived old carbon in this layer. The age model obtained
after removing the data from this layer is consistent with that calculated
through Bacon age-depth modelling tool, which indicates that this age
reversal has a minimal impact on our study. Therefore, we rounded oft
the data for that layer. The test age was corrected using the Calib 8.2.0
(Stuiver and Reimer, 1993) procedure and the Marine 20 calibration
dataset (Heaton et al,, 2020). According to previous studies, a delta R
value of 1120 for carbon storage correction was used (Yoshida and
Moriwaki, 1979; Takano et al., 2012). After the correction and fitting, the
corrected ages of the samples from the top segment of the core were
obtained: 2118 Cal a BP at 1 cm and 28116 Cal a BP at 91 cm.

Frontiers in Marine Science

Similarly, AMS '"C dating of the AIO from surface seafloor
sediments around Antarctica has frequently yielded ages of several
thousand years (Andrews et al, 1999; Pudsey et al, 2006). The
occurrence of old surface ages combined with the potential error of
downcore ATO ages complicates the reliability of '*C-based age models
for post-LGM sedimentary sequences south of the APF (Hillenbrand
et al,, 2010). Usually, down-core AIO ages are corrected by subtracting
the age of the top of the core (Andrews et al., 1999; Pudsey et al., 2006).
Hu et al. (2022) determined the downcore distribution pattern of
*19pb, in the top 20 cm section of adjacent core ANT36-C4-05. They
found that the specific activity of *'°Pb,, decreased exponentially from
the surface to a depth of 4 cm, and it fluctuated within the range of the
background values below 4 cm. Therefore, the surface layer of the core
is considered to be modern sediment, and the age of the top of the core
is 0 Cal a BP. An age of 2118 a was used as the old carbon age for the
correction in this study, and the final calendar ages of each layer were
obtained after removing the influence of the old carbon storage
(Table 1). After calculating the calendar age, we obtained the
accumulation rate of the top 91 cm of the core (Figure 5). Our data
are similar to those of a previous study of adjacent cores (Bonn, 1995).

4.2 Characteristics of the
paleoproductivity proxies

As shown in Figure 2, during the LGM, the values of the
alternative indicators of paleoproductivity fluctuated within
narrow ranges and typically remained at a relatively low level.

In the early stage of the Last Deglaciation, there was no significant
change in the Bio Ba value and Ca/Ti ratio (Figures 2C, E), while the Si/
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FIGURE 4

Comprehensive comparison of paleoproductivity and oxygenation proxies of our samples with records from ice cores and other sediment cores.
(A) EDML 80 content (EpicaCommunityMembers, 2006), (B) EDC CO, content (Monnin et al,, 2004; Schmitt et al., 2012), (C) summer insolation in
the Southern Hemisphere at 65°S (Laskar et al., 2004), (D) EDML ssNa* content (Fischer et al., 2007), (G) authigenic uranium (aU) concentrations of
core PS2603-3 (Amsler et al,, 2022), (I, J) Bio Ba contents in cores PS1648-1 and PS1821-6 (Bonn, 1995), (K) sea surface temperature record of core
KH-10-7COR1GC (Orme et al.,, 2020), (L) Actinocyclus actinochilus abundance of core ANT36/C3-09 (Li et al., 2021). (E) Mn/Ti ratios, (F) U content
(XRF), (H) percentage of >63 um grains, (M) Bio Ba content, (N) Si/Ti ratios, and (O) Ca/Ti ratios of core sediments.

Ti ratio exhibited a minor peak at ~19.1 Cal ka BP, followed by a
decline before entering Heinrich Stage 1 (HSI, 18-14.6 Cal ka BP)
(Figure 2A). During HS1 (corresponding to the W2 warm period in the
Southern Hemisphere) (Siani et al., 2013), all of the paleoproductivity
proxies exhibited increasing trends, but the Bio Ba curve remained
relatively flat. The Si/Ti and Ca/Ti ratios reached high peaks in the
middle stage of HS1 (~15.9 Cal ka BP), whereas the Bio Ba curve had a
low value during this period. During the Antarctic Cold Reverse period
(ACR, 13.1-14.7 Cal ka BP), all of the paleoproductivity proxies
exhibited a decline to varying degrees, with the most significant
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reductions occurring in the Si/Ti and Ca/Ti ratios. After the ACR,
the Ca/Ti curve exhibited a stable change, while the Bio Ba value and
Si/Ti ratio began to increase slightly, continuing until the end of the
Younger Drays period (YD, 11.7-13.1 Cal ka BP). Overall, the levels of
all three paleoproductivity proxies were higher during the Last
Deglaciation than during the LGM, despite the low Si/Ti and Ca/Ti
values at the end of the Last Deglaciation.

During the Holocene, the changes in all of the paleoproductivity
proxies can be categorized into two distinct stages. In the Early and
Middle Holocene, both the Bio Ba value and Si/Ti ratio began to
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Accumulation rates and calibrated calendar ages for the top 91 cm
of core ANT37-C5/6-07.

increase significantly and remained at high levels (Figures 2A, E), while
the Ca/Ti ratio slowly decreased (Figure 2C). In the second stage (since
the Middle Holocene, at ~6.6 Cal ka BP), the Bio Ba value and Si/Ti
ratio underwent another slight increase. Although the Ca/Ti ratio
remained at a relatively low level during the Late Holocene, it also
exhibited an overall increasing trend.

4.3 Characteristics of the
oxygenation proxies

As shown in Figure 2, the Mn/Ti ratio was relatively low during the
LGM and began to increase during the Last Deglaciation. Similar to the
paleoproductivity proxies, a significant peak occurred at ~15.8 Cal ka
BP (Figure 2H). However, during the transition to the ACR, the
increase in the Mn/Ti ratio became stagnant. Subsequently, from the
YD period to the Holocene, the Mn/Ti ratio exhibited a rapid rebound,
and the highest peak occurred at ~11.8 Cal ka BP. The change in the U
content (XRF) was opposite to that of the Mn/Ti ratio (Figure 2I). It
remained at a high value during the LGM. During the Last
Deglaciation, it exhibited a continuous decreasing trend, and it
remained at a low level during the Holocene. However, there is an
absence of the large oxygenation peak in the U content (XRF) around
12 Cal ka BP. Our sampling point is located very close to the
continental shelf, and the high Al and Ti contents at depths of 15-
40 cm in the sediment core indicate a strong input of terrestrial
material during this interval. This may have led to the significant
deviation between the actual aU content and the total U content, which
resulted in the absence of the peak point of U (XRF) curve.

5 Discussion
5.1 Source of the organic matter

Most regions of the Southern Ocean have a low primary
productivity, which is typical of high nutrient and low
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chlorophyll oceans (Smith, 1991; Moore and Abbott, 2000; Gao
and Chen, 2002). The total organic carbon (TOC) content within
the upper 91 cm of core ANT37-C5/6-07 ranges from 0.10% to
0.63%, with an average value of 0.38%, which is close to those of
other cores in the Cosmonaut Sea (Bonn, 1995; Yang et al., 2022).
The downcore distribution pattern of the total nitrogen (TN)
content is comparable to that of the TOC, with a strong positive
correlation (R* = 0.8687) (Figure 6D). This indicates that the source
of the organic matter in the core sediments was relatively stable, and
the sources of the TOC and TN were consistent (Liu et al., 2014).

The ratio of the total organic carbon to the total nitrogen (TOC/
TN) and the 8"°C content were used to determine whether the
source of the organic matter in the marine sediments was terrestrial
or oceanic (Prahl et al,, 1994; Thornton and McManus, 1994;
Meyers, 1997; Sampei and Matsumoto, 2001; Ogrinc et al., 2005).
The TOC/TN ratio of organic matter derived from marine
phytoplankton is typically 3-8, while that of organic matter from
terrestrial sources is typically 220 (Emerson and Hedges, 1988; Gao
et al., 2008). Marine organic carbon has a classic range of 3'>C value
of =22 %o to —19 %o (Fontugne and Jouanneau, 1987), but previous
studies have reported that the "°C value of the organic matter in
Southern Ocean sediments tends to be more negative (Macko and
Pereira, 1990; Harada et al., 1995; Domack et al., 1999; Domack
et al., 2001; Kulbe et al,, 2001; Berg et al., 2013; Han et al., 2015;
Learman et al., 2016). This suggests that relying solely on the §'°C
values may not provide an accurate reference for the origin of the
organic matter in Southern Ocean sediments. Therefore, in addition
to the TOC/TN ratio and §"C value, we also utilized an end-
component mixing model to estimate the proportions of the
terrestrial and marine organic matter inputs (Egs. (3)-(6)) (Mei
et al., 2015):

TOCter( %) = (613Cmar - 613Csam)/(513cmar - 513Cter)

X TOCgam( %) 3)
Tocmar( %) = Tocsam( %) - Tocter( %) (4)
TOC ar-con( %) = TOC 0, (% )/Tocsam( %) x 100 % (5)

TOCterfcon( % ) =1- Tocmarfcan( % ) (6)

where TOC,, (%) and TOC,,,, (%) are the percentages of
terrestrial and oceanic organic carbon, respectively, TOCier-con (%)
and TOC ,ar-con (%) are the contributions of terrestrial and oceanic
organic carbon, respectively, and TOCg,, (%) is the total organic
carbon content of the sediment samples. 8"3Cpar is the 8'°C value of
the sea-source organic matter endmember, which is the
comprehensive level (—26.04%o) of the plankton, benthic organic
matter, and seawater particulate organic matter in the Southern
Ocean (Kopczynska et al.,, 1995; Frazer, 1996; Gillies et al., 2012;
Berg et al., 2013; Zhang et al., 2017). 8"°C, is the 8"°C value of the
terrestrial organic matter endmember, which is taken from the cold
vegetation on the Antarctic continent (-21.54%o) (Strauch et al.,
2011). 8"Cyyy is the 8'°C value of the organic matter in the
core sediments.
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Downcore distribution patterns of the terrestrial and oceanic contribution ratios of the TOC, (A) 813C, (B) 815N, (C) TOC/TN ratios, (D) Fe content,

and (E) the correlation between TOC (%) and TN (%).

According to the calculation results of the endmember mixing
model (Table 2), the TOCyar-con (%) of the organic matter in the
core sediments is 68.47%-99.46%, with an average value of 86.15%.
Moreover, the TOC/TN ratio of the core organic matter is 5.48-
13.01 (Figure 6C), with an average value of 9.51, which is very
biased toward the TOC/TN ratio of marine organic matter (Thunell
et al., 1992). Therefore, we believe that the vast majority of the
organic matter came from marine export productivity, although the
organic matter in core ANT37-C5/6-07 is interfered using
the terrestrial input (Figure 6).

5.2 Changes in the paleoproductivity and
the oxygenation

5.2.1 Last glacial maximum

The LGM occurred at approximately 19-26.5 Cal ka BP. During
this period, the global temperature was relatively low, with an
average temperature decrease of about 3-4°C. This period was
characterized by the presence of massive continental ice sheets in
both the Northern and Southern hemispheres (Adkins et al., 2002).
In the seasonal sea ice regions surrounding the Antarctic
continental margin, the main factors controlling the productivity
are the lighting conditions, water ventilation, and sea ice cover
(Anderson et al., 2002). During glacial to interglacial cycles, the sea
ice cover fluctuates synchronously with the deep-ocean oxygen

isotope records and Antarctic temperature, indirectly affecting the
export production by regulating variables such as the lighting
conditions, nutrient availability, and mixed layer depth
(Dieckmann and Hellmer, 2003; Wolft et al., 2006; Bouttes et al.,
2010; Abram et al., 2013). The sea salt Na* (ssNa*) data from the
EPICA DML (EDML) ice core serve as a proxy for sea ice expansion
in the Indian Ocean sector of the Southern Ocean (Schiipbach et al.,
2013). During the LGM, EDML-ssNa* content indicates that the
Southern Ocean’s sea ice coverage was extremely extensive
(Figure 4D) (Fischer et al, 2007). The high abundance of A.
actinochilus is also indicative of a cold environment and sea-ice
expansion in the Cosmonaut Sea (Figure 4L) (Li et al., 2021). In the
Antarctic coastal area, the >63 um components of the marine
sediments are typically deemed to be ice raft debris (IRD)
(Diekmann and Kuhn, 1999; Liu et al., 2015; Lei et al., 2021). The
IRD content reached a large peak during the early LGM (~25 Cal ka
BP) (Figure 4H), signifying that sea ice expansion in the Cosmonaut
Sea may have peaked during this period.

All the available proxies for core ANT37-C5/6-07 indicate that the
paleoproductivity was extremely low during the LGM (Figures 4M-
0), and the Bio Ba contents of cores PS1821-6 and PS1648-1 were also
at a low value (Figures 41, ) (Bonn, 1995). Even though the summer
insolation in the Southern Hemisphere at 65°S was high (Figure 4C),
the sea ice cover hindered the penetration of sunlight into the ocean
and significantly reduced the amount of sunlight received by the

TABLE 2 Total organic carbon (TOC), percentages of terrestrial and oceanic organic carbon, and their contributions for the top 91 cm of

core ANT37-C5/6-07.

0.10-0.63

‘ 0.07-0.57

Value range

Average value 0.38 ‘ 0.33
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TOCmar—con TOCter—con
(%) (%)
0-0.18 68.47-99.46 0.54-31.53
0.05 86.15 13.85
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surface ocean (Abram et al, 2013). The EDML-8"%0 content
(Figure 4A) (EpicaCommunityMembers, 2006) also indicates the
occurrence of low temperatures during the LGM, which severely
limited the surface export productivity. However, the proportion of
the Antarctic sea-ice algae in the phytoplankton in the surface ocean
covered by sea ice may have increased during the LGM (Figure 4L).
Ice algae, though usually not a significant contributor to the organic
matter in benthic sediments, may have resulted in less negative §'°C
values during the LGM (Figure 6A) due to their relatively high §"°C
values (—=15%o to —8%o) (Gibson et al., 1999). The §'°N value of
sediment is often used to identify the nitrate bioavailability, and an
increase in its value corresponds to an increase in the nutrient
utilization by phytoplankton in the surface seawater (Francois et al.,
1992; Altabet and Francois, 1994). The high 85N values during the
LGM (Figure 6B) suggest that the nutrient utilization rate was
relatively high despite the low paleoproductivity. However, the
photosynthesis of phytoplankton should be hindered under thick
sea ice coverage and lead to lower 8'°N values (Studer et al., 2015).
This indicates that the nutrient supply may have been limited because
of the weakened deep-water upwelling in the Cosmonaut Sea during
this period (Kim et al., 2020), which is the major reason of the low
export productivity at this time.

The Mn/Ti ratio was low during the LGM, while the U content
(XRF) was high (Figures 4E, F), indicating significant depletion of
oxygen due to pre-formed carbon storage and insufficient
replenishment (Jaccard and Galbraith, 2012). The same evidence
of the low oxygen content of the bottom water was obtained for the
southwestern part of the Indian Ocean sector (Figure 4G) (Amsler
et al,, 2022). The radioactive '*C ages indicate that poor ventilation
conditions occurred in the deep sea during the LGM (Sarnthein
et al., 2013; Skinner et al., 2017). The formation and activity of the
sea ice in the Southern Ocean hindered gas exchange between the
atmosphere and ocean and led to increased vertical stratification of
the water column (Adkins et al., 2002; Watson and Naveira
Garabato, 2006; Bouttes et al., 2010; Wolff et al., 2010; Adkins,
2013; Ferrari et al., 2014). Despite the fact that the solubility of
oxygen increases at colder temperatures, it was difficult for the
higher oxygen concentration surface water to reach the deeper layer
to achieve refreshment and replenishment. Moreover, the bottom
water (rich in nutrients) in the Cosmonaut Sea also failed to reach
the surface ocean, which contributed to the extremely low export
production. In summary, during the LGM, the paleoproductivity of
the Cosmonaut Sea and the oxygenation level of the bottom water
were primarily controlled by the constraints imposed by poor
ventilation conditions.

Another impact of sea ice expansion was the northward
movement of the upwelling zone in the Southern Ocean, which
enhanced the sequestration of the respiratory carbon in the deep
water along the coast of Antarctica, thereby reducing the amount of
CO, emitted into the atmosphere (Toggweiler, 1999; Sigman and
Boyle, 2000; Toggweiler et al., 2006; Watson et al., 2015). The
biopump efficiency was found to be high during this period (Keir,
1988). In addition to the physical mechanisms, such as weakened
ventilation and the northward movement of the upwelling zone,
biogeochemical changes also played a positive role in the storage of
carbon dioxide (Francois et al., 1997; Sigman and Boyle, 2000;
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Galbraith and Jaccard, 2015; Sigman et al., 2021). Due to the more
comprehensive assimilation and utilization of nutrients (Figure 6B)
and/or the relatively higher supply of iron containing terrestrial
material (Figure 6D), more efficient biological carbon pumps were
created in the Cosmonaut Sea during the LGM, further inhibiting
the emission of CO, in the deep ocean (Studer et al., 2015;
Gottschalk et al., 2016; Ai et al., 2020; Galbraith and Skinner, 2020).

5.2.2 Last deglaciation

It is widely believed that the Last Deglaciation began at 18-20
Cal ka BP, and the onset occurred later in Fast Antarctica than in
West Antarctica (Fudge et al., 2013). The paleoproductivity proxy
values in core ANT37-C5/6-07 began to increase significantly after
19.6 Cal ka BP (Figures 4N, O), and the oxygen content also
exhibited a synchronous increase at this time (Figures 4E, F).
Simultaneously, wind dust records from the EDML ice core also
began to decrease from the peak. These data comprehensively
indicate that the Last Deglaciation may have begun at ~19.6 Cal
ka BP in the Southern Hemisphere (Jae Il et al, 2010; Yang
et al., 2021).

The initial increase in the biogenic silicon content at the end of
the last glacial period may have been due to the large consumption of
siliceous nutrients in the water bodies south of the Antarctic Polar
Front (Figure 4N) (Dumont et al,, 2020). During HS1, the EDML-
ssNa® value (Figure 4D), the IRD content (Figure 4H), and A.
actinochilus abundance in core ANT36/C3-09 (Figure 4L)
significantly decreased, indicating that the sea ice retreat process in
the Cosmonaut Sea may have been approaching the end (Li et al,
2021). The sharp increases in Si/Ti and Ca/Ti ratios further suggest a
rapid increase in the export productivity in the Cosmonaut Sea,
which was likely due to significant amounts of nutrients and
respiratory carbon reaching the surface ocean via the upwelling of
deep water (Skinner et al., 2010; Jaccard et al., 2016; Gottschalk et al.,
2020). With the decrease in the sea ice coverage, the surface layer of
the Cosmonaut Sea received sufficient sunlight and the temperature
increased in the Southern Hemisphere (Figure 4A), which may
contribute to high levels of paleoproductivity (Frank et al., 2000;
Kohfeld et al., 2005; Anderson et al., 2009; Jaccard et al., 2013; Thole
et al., 2019). In contrast, the 8"°N value continued to decline during
HS1 and remained at a relatively low value (Figure 6B), indicating
lower nutrient utilization compared to that during the LGM. This
suggests that the decisive factor of increasing productivity was the
increase in the nutrient supply from the lower layer of the Cosmonaut
Sea, which also serves as evidence of enhanced ventilation (Kim et al.,
2020). Macko and Estep (1984) argued that the oxidation of bottom
water may lead to a decrease in bulk sedimentary §'°N by suppressing
the N isotope effect associated with denitrification (which generally
produces low 8"°N NH,"). For instance, at ~12 Cal ka BP and ~16
Cal ka BP, two low values of 8'°N were observed in the core
sediments, corresponding to the oxidation of bottom water during
these two periods. However, empirical data, including the sediment
trap results, suggest that even in slowly accumulating regions of the
ocean, bulk sedimentary §'°N records will primarily reflect changes
in the 8'°N of exported N in most cases, rather than differential
alteration (Robinson et al., 2012).
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It should be noted that the Bio Ba values for core ANT37-C5/6-
07 did not exhibit a significant peak during HS1 (Figure 4K), which
is comparable with the data for cores PS1648-1 and PS1821-6 from
the west of Cosmonaut Sea (Figures 4I, J) (Bonn, 1995). The
preservation of biogenic barium is highly sensitive to changes in
the paleoenvironmental conditions. When the sedimentary
environment becomes oxygen or sulfate depleted, the solubility of
BaSO, will greatly increase (McManus et al., 1998; Anderson et al.,
2002; Beek et al., 2003; Tribovillard et al., 2006). McManus et al.
(1998) argued that the Ba arriving at the seafloor under conditions
of high carbon export and low bottom water oxygen may be poorly
preserved—even in environments not showing significant
porewater sulfate depletion. Poor preservation of Ba may also be
indicated by high levels of aU. As shown in the Figure 7,
during ~14-18 Cal ka BP, the Si/Ti ratios, U content (XRF), and
TOC contents in the core sediments were relatively high, indicating
the existence of such conditions of high organic carbon export and
relatively low bottom-water oxygen, which led to the absence of a
peak in the Bio Ba value during the middle stage of HSI.

An increase in the export productivity will lead to an increase in
the consumption of oxygen via the decomposition of organic matter
in the water body to some extent, causing a decrease in the oxygen
content (Yamamoto et al.,, 2015). However, all of the records from
the Cosmonaut Sea reveal that the oxygen content of the bottom
water increased during this period (Figures 4E-G), indicating that
the impact of organic matter remineralization on the oxygen
content was minor (Amsler et al, 2022). To maintain oxygen
levels, fresh and oxygen-rich surface seawater should be injected
deep into the Cosmonaut Sea. We propose that the improved
ventilation of the Southern Ocean during HS1, which was driven
by the reduced generation of the North Atlantic Deep Water and
the weakened Atlantic Meridional Overturning Circulation, played
a major role in the increased oxygenation of the bottom water
(McManus et al., 2004). The increase in water column temperature
reduced the accumulation of respired carbon and possibly shifted
the organic matter respiration to the upper water column, thereby
decreasing the sinking flux of the organic matter to the abyss
(Matsumoto, 2007). A deglacial decrease in the oceanic nutrient
inventory could have also contributed to the reduction of the
amount of organic matter available for respiration (Jaccard and
Galbraith, 2012).

More importantly, it is crucial to note that the intensification of
upwelling can result in an imbalance of the surface seawater’s CO,
budget. At the beginning of the last glacial termination period
(TERM I) at ~17.5 Cal ka BP, radioactive carbon depleted CO, that
was formed during the LGM and locked in the deep Southern
Ocean was released into the atmosphere via the enhanced
ventilation (Burke and Robinson, 2011; Bauska et al., 2016; Basak
etal., 2018; Rae et al., 2018). Although the growth of phytoplankton
was stimulated by the elevated nutrient levels, they were unable to
completely assimilate and fix the dissolved carbon. This was
evidenced by the low 8'°N values, indicating a low efficiency of
the biological pump during this period, which permitted a
considerable amount of CO, to escape into the atmosphere
(Sigman et al.,, 2010; Studer et al., 2015).
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FIGURE 7

U content (XRF), Si/Ti ratios, Bio Ba content, and TOC content of
core sediments during 8.6-18.1 Cal ka BP.

In the Southern Hemisphere, there was a cold period, which
interrupted the warming trend near the deglacial midpoint, i.e., the
ACR (14.7-13.1 Cal ka BP) (Shakun et al., 2012). The EDML-ssNa*
value and A. actinochilus abundance rebounded during the ACR
(Figures 4D, L), indicating that the sea ice resumed activity. The
decrease in the summer insolation at 65°S (Figure 4C), coupled with
the reflection from the sea ice and the temperature regulation
(Figures 4A, K), limited the surface productivity of the Southern
Ocean. The decrease in the productivity output also means that the
nutrient supplementation in the surface seawater was deficient
during the ACR, which may have been associated with the
weakening of upwelling (Jaccard et al., 2013). This corresponded
to a temporary cessation of the increase in the atmospheric CO,
content (Figure 4B). The changes in the Mn/Ti ratio and U content
(XRF) in core ANT37-C5/6-07 and the aU content in core PS2603-
3 stagnated during the ACR (Figures 4E-G), indicating that the
supplementation of the oxygen content in the deep Cosmonaut Sea
was interrupted, which is further proof of the weakened ventilation
in the study area.

During the YD, there was a notable improvement in the
oxygenation levels of the bottom water in the Cosmonaut Sea
(Figures 4E, F), but the improvement of the export productivity
was very minimal (Figures 4M-0). The efficiency of the biological
pump remained consistent with that during the ACR, ie., it
remained at a low level. The atmospheric CO, content continued
to rise as it was supplemented by deep sea respiratory carbon
(Figure 4B). In conclusion, during the HS1 period, the booming
productivity of the Cosmonaut Sea was attributed to the favorable
sunlight conditions and the increase in the nutrient supply by the
enhanced ventilation, the latter also greatly facilitated the gas
exchange between the surface and deep waters. However, during
the latter half of the Last Deglaciation, the decrease in sunlight
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intensity in the high-latitude regions of the Southern Hemisphere
dominated the surface productivity of the Cosmonaut Sea.

5.2.3 Holocene

During the Early Holocene, the records in core ANT37-C5/6-07
indicate that a significant increase in siliceous productivity occurred
(Figures 4M, N). However, the Ca/Ti ratio, which had previously been
consistent with the Si/Ti ratio, exhibited a decreasing trend. The oxygen
concentration of the bottom water remained high during the Early and
Middle Holocene. Since the Middle Holocene (~5.5 Cal ka BP), the
paleoproductivity in the Cosmonaut Sea has been comprehensively
improved and maintained at a high level. The Bio Ba patterns of cores
PS1648-1 and PS1821-6 are similar to that of core ANT37-C5/6-07
(Figures 41, J, M). This suggests that the change in paleoproductivity
may have been a more widespread phenomenon in the Indian Ocean
sector of the Southern Ocean, rather than a regional characteristic.

We found that changes in the paleoproductivity were consistent
with the variations in the summer solar radiation at 65°S in the
Southern Hemisphere (Figure 4C), which helps to explain the
widespread conditions mentioned above. During the Holocene,
the amount of summer insolation in the high-latitude region in
the Southern Hemisphere increased significantly. The retreat of the
sea ice led to a reduction in the sunlight blocking efficiency, thus
prolonging surface water exposure, which may have been one of the
causes of the significant increase in the productivity in the
Cosmonaut Sea since ~ 9.4 Cal ka BP (Boyd et al,, 2001; Denis
et al., 2010; Cheah et al., 2013). Furthermore, the utilization rate of
nutrients indicated by the §'°N values in the core reached a high
level (Figure 6B), which was decoupled from Fe availability
(Figure 6D) and was closely linked to the rapid increase in
surface productivity during this time period. The existence of a
tightly coupled glacier-sea ice-ocean system driven by insolation
changes throughout the Holocene has also been revealed by the
sedimentary records of the Adélie Land in the East Antarctica
(Crosta et al., 2008; Denis et al., 2009a; Denis et al., 2009b; Denis
et al,, 2010). The high oxygen content of the bottom water of the
Cosmonaut Sea suggests that deep-water ventilation has been
favorable during the Holocene. Despite the negative effects of
both the high export productivity (Figures 4M, N) and the
increase in temperature (Figure 4K), the enhanced ventilation
dominated the level of oxygenation, leading to the overall high
oxygen content of the Cosmonaut Sea bottom water during
the Holocene.

The East Cosmonaut Sea Polynya (ECP) may be another
important driving factor of the local paleoproductivity and
oxygenation changes. Comiso and Gordon (1996) reported that
the ECP occurs regularly on a long-term basis, with an average
central position at 65°S (range of 64-66°S) and 52°E (range of 42—
57°E) near Cape Ann during winter in the Southern Hemisphere.
This polynya is among the most persistent polynyas in the Southern
Ocean, and it has been observed almost every year since the
availability of satellite passive microwave data in December 1972.
The formation of the ECP may have been triggered by either ocean
forcing (Comiso and Gordon, 1996) or offshore divergent winds
(Arbetter et al., 2004; Bailey et al., 2004) or a combination of both
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processes (Figure 7) (Prasad et al., 2005). The unique configuration
of the coastline plays an important role in this process (Comiso and
Gordon, 1996; Prasad et al., 2005). Due to the vast northward
extension of Cape Ann, the westward flowing CC and the eastward
flowing ACC form a high level of boundary forcing in this region.
According to climatological data, it has been argued that this
offshore location experienced upwelling of the warm salty CDW,
which broke the original sea ice cover, and may have also played a
key role in promoting deep-sea ventilation (Figure 8) (Prasad et al.,
2005). The newly formed sea ice is constantly pushed off the coast
by strong katabatic winds (Francis et al., 2019). The increase in the
IRD content in the core sediments since ~9.4 Cal ka BP was likely
caused by the continuous offshore transportation, dissolution, and
release of detrital materials carried by fragmented sea
ice (Figure 4H).

A previous study has shown that the chlorophyll-a concentration is
higher in the Maud Rise Polynya than in the surrounding region during
austral spring (von Berg et al., 2020). Jena and Pillai (2020) suggested
that this could be the result of the improved irradiance conditions and
increased iron supply through upwelling after the formation of
polynyas. During the Holocene, the sea surface temperature of the
Cosmonaut Sea was higher than during the Last Glacial Maximum, and
there was a decrease in the abundance of A. actinochilus (Figures 4K, L),
which indicates a decrease in sea ice concentration during this period.
Based on the positive impact of the polynya system on the local export
productivity and deep-water ventilation, combined with the increase in
the IRD content of the benthic sediments, we speculate that the
formation and development history of the ECP can be traced back to
~9.4 Cal ka BP, but we still lack more evidence of changes in ECP on the
millennial scale. In general, the Cosmonaut Sea region was in a well-
ventilated state during the Holocene.

6 Conclusions

Valuable proxies reveal that the paleoproductivity and oxygen
levels were low in the Cosmonaut Sea during the LGM.
Furthermore, the nutrient utilization rate by the phytoplankton in
the surface seawater was at a relatively high level. This indicates that
the Cosmonaut Sea deep water was in a state of weak ventilation,
which hindered the nutrient supply to the surface ocean. The pre-
formed carbon storage led to significant oxygen consumption, while
the respiratory CO, formed was trapped in the deep Southern
Ocean. This likely contributed to the low atmospheric CO, content
during the LGM period.

During the Last Deglaciation, a significant increase in the export
productivity was caused by the increase in the nutrient supply from the
deep Cosmonaut Sea. However, the utilization rate of nutrients was
low, indicating the inefficient assimilation of nutrients and dissolved
CO, by the phytoplankton in the surface seawater. A large amount of
respiratory CO, was released into the atmosphere via the enhanced
ventilation. In addition, the supplementation of the dissolved oxygen
from the surface water exceeded the consumption caused by the
increased export productivity, leading to an improvement in the
degree of oxygenation. However, there were noticeable interruptions
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FIGURE 8

Enhanced ventilation under the East Cosmonaut Polynya conditions since the Holocene.

during the Last Deglaciation, which were triggered by the transitions
from the HSI to the ACR.

The paleoproductivity in the Cosmonaut Sea experienced two
increases in the Early Holocene and Middle Holocene respectively.
We speculate that the changes in the summer insolation at high
southern latitudes have significantly contributed to the increased
productivity. After the Middle Holocene, there was a comprehensive
improvement in the productivity within the Indian Ocean sector of the
Southern Ocean, accompanied by a simultaneous increase in the
nutrient utilization rates. The replenishment of oxygen dominated
the changes in the oxygen content of the bottom-water, which was
potentially related to the enhanced ventilation during the Holocene
and/or the formation of the East Cosmonaut Sea Polynya.
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In the context of past and present climate change, the Southern Ocean (SO)
has been identified as a crucial region modulating the concentration of
atmospheric CO,. The sustained upwelling of carbon-rich deep waters and
inefficient nutrient utilization at the surface of the SO leads to an outgassing
of natural CO,, while anthropogenic CO; is entrained to depth during the
formation of Antarctic Bottom water (AABW), Antarctic intermediate water
(AAIW) and sub-Antarctic mode water (SAMW). Changes to the SO circulation
resulting from both dynamic and buoyancy forcing can alter the rate of
upwelling as well as formation and subsequent transport of AABW, AAIW and
SAMW, thus impacting the air-sea CO, exchange in the SO. Models of all
complexity robustly show that stronger southern hemispheric (SH) westerlies
enhance SO upwelling, thus leading to stronger natural CO, outgassing, with
a sensitivity of 0.13 GtC/yr for a 10% increase in SH westerly windstress. While
the impact of changes in the position of the SH westerly winds was previously
unclear, recent simulations with high-resolution ocean/sea-ice/carbon cycle
models show that a poleward shift of the SH westerlies also enhances natural
CO, outgassing with a sensitivity of 0.08GtC/yr for a 5° poleward shift. While
enhanced AABW transport reduces deep ocean natural DIC concentration
and increases surface natural DIC concentration, it acts on a multi-decadal
timescale. Future work should better constrain both the natural and
anthropogenic carbon cycle response to changes in AABW and the
compound impacts of dynamic and buoyancy changes on the SO marine
carbon cycle.

KEYWORDS

Southern Ocean, carbon cycle, atmospheric CO2, Antarctic Bottom Water (AABW),
Southern hemisphere westerlies
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1 Introduction

Despite covering only about 25% of the world’s ocean surface,
the Southern Ocean (SO, south of 35°S) is one of today’s largest sink
of both anthropogenic carbon and excess heat, accounting for ~40%
of the oceanic anthropogenic carbon uptake and ~72% of the excess
heat uptake (Sabine et al., 2004; Mikaloff-Fletcher et al., 2006; Shi
et al., 2018). This oversized role is due to the unique overturning
circulation of the SO that brings deep water up to the surface and
leads to the formation of deep and intermediate water masses. A key
driver of this overturning are the strong westerly winds that peak in
strength around 55°S and are bounded by easterly winds on their
Antarctic and subtropical flanks. These winds create a divergent
surface flow and steeply tilted isopycnals that outcrop south of the
maximum westerly wind stress to allow old, nutrient rich
Circumpolar Deep Water (CDW) to upwell from mid-depths to
the surface (Figure 1A). Due to Ekman transport within the westerly
wind belt, Antarctic surface waters move equatorwards, freshen and
warm. As a result, there is an outgassing of natural CO, south of the
sub-Antarctic front and particularly south of the polar front. As
CDW equilibrates with the atmosphere, its dissolved inorganic
carbon (DIC) is consumed by phytoplankton, thus decreasing the
surface water pCO,, leading to an oceanic uptake of atmospheric
CO,, a process referred to as the biological pump (Talley, 2013).

The CDW that rises to the SO surface is replaced by downward
flows of surface waters in other regions. In the current context of
elevated atmospheric CO, concentration, these downward flows
entrain carbon, and particularly anthropogenic carbon, as well as
heat in the SO interior (Frolicher et al., 2015; Gruber et al., 2019),
primarily within Antarctic Intermediate Water (AAIW), but also
within Antarctic Bottom Water (AABW) and sub-Antarctic Mode
Water (SAMW) (Figure 1B). AAIW subducts along isopycnals into
the SO interior equatorward of the sub-Antarctic front where wind
driven surface flows converge. Winter deepening of the mixed layer
north of the Antarctic Circumpolar Current (ACC) leads to the

50°S
Natural DIC

40°5 umol/L

FIGURE 1
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formation of SAMW, which overlays AAIW (Morrison et al., 2022).
Closer to Antarctica, dense shelf waters, the precursor of AABW are
formed on the Antarctic continental shelf in the Ross Sea, Weddell
Sea, Prydz Bay, and Adelie Land (Purkey et al., 2018), through brine
rejection and ocean/ice-shelf interactions.

Observational products suggest that the SO total (sum of
anthropogenic and natural) CO, fluxes exhibit large decadal-scale
variability (LeQueéré et al., 2007; Matear and Lenton, 2008;
Landschiitzer et al., 2015; Bushinsky et al., 2019; Gruber et al.,
2019; Keppler and Landschiitzer, 2019; Gruber et al., 2023), with a
lower than expected total CO, uptake in the 1990s and early 2000s
(LeQuere et al., 2007; Landschiitzer et al., 2015; Gruber et al., 2019)
and probably during the mid-2010s (Bushinsky et al., 2019; Gruber
et al., 2019; Keppler and Landschiitzer, 2019; Landschiitzer et al.,
2020). The main hypothesis to explain the stagnation in the CO,
uptake observed in the 1990s and early 2000s is the concurrent
positive SAM trend (LeQuere et al., 2007; Lovenduski et al., 2008;
Resplandy et al., 2015; Gruber et al.,, 2023), which corresponds to a
strengthening and poleward shift of the SH westerlies. As the CO,
uptake re-invigorated, particularly between 2002 and 2012, other
hypotheses to explain the variability emerged such as regional wind
variability associated with the zonal wave number 3 pattern
(Keppler and Landschiitzer, 2019), solubility effects (Landschiitzer
etal. 2015) and changes in atmospheric CO, growth rate (McKinley
etal,, 2020). While hindcast experiments support a dominant role of
the SAM in modulating the SO CO, fluxes (Gruber et al., 2019;
Hauck et al., 2020; Menviel et al., 2023), they underestimate the
observed SO CO, flux variability. This could be due to an under-
estimation of Southern Ocean stratification (de Lavergne et al,
2014), potentially linked to enhanced Antarctic basal melt rates
(Adusumilli et al., 2020), which would weaken AABW formation
and transport (Li, 2023). The individual and compound roles of
changes in SH westerly wind strength and position, and AABW
formation and transport on the marine carbon cycle need to be fully
understood to constrain changes in SO CO, fluxes.

70° s soes
Anthropogenic DIC

Schematic showing zonally averaged Southern Ocean (A) natural DIC and (B) anthropogenic DIC concentration (umol/L) averaged over years 2017-
2021 in the ACCESS-OM2-01 simulation. Blue and red arrows at the ocean'’s surface represent the natural and anthropogenic CO, fluxes,
respectively, and the westerly wind is represented by a circle above. PF, SAF and STF are the positions of the Polar Front, Subantarctic Front and
Subtropical Front, respectively. Thick black arrows in the ocean interior represent the circulation of water masses: Dense Shelf Water (DSW),
Antarctic Bottom Water (AABW), Lower Circumpolar Deep Water (LCDW), Upper Circumpolar Deep Water (UCDW), Antarctic Intermediate Water

(AAIW), and Subantarctic Mode Water (SAMW).
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While overall the SO has mitigated the rise in atmospheric CO,
since at least the 1980s, SO CO, outgassing has been suggested to
induce an increase in atmospheric CO, during deglaciations as well
as past abrupt climate change events (Anderson et al., 2009; Skinner
et al., 2010; Watson et al., 2015; Rae et al., 2018; Shuttleworth et al.,
2021; Gray et al., 2023). SO stratification during glacial periods,
potentially arising from a large sea-ice cover, weaker and/or
equatorward shifted SH westerlies would allow a carbon
accumulation in the deep ocean (Toggweiler et al., 2006; Menviel
et al., 2017). The breakdown of this stratification during
deglaciations and Antarctic warm events, i.e. millennial-scale
warm periods over Antarctica and the Southern Ocean (Buizert
and Members, 2015), would lead to a SO CO, outgassing and an
increase in atmospheric CO, of up to 20 ppm (Ahn and Brook,
2008; Marcott et al., 2014; Menviel et al., 2018; Bauska et al., 2021).
An improved understanding of the interplay between SO
circulation and marine carbon cycle is however needed to refine
our understanding of these past climate change events.

Here we provide a perspective on past, present and future
relationship between changes in atmospheric CO, and SO
circulation arising from both changes in surface wind and
buoyancy. We also present recent advances and future work.

2 Southern hemispheric
westerly winds

There is a general consensus that stronger SH westerly winds
enhance SO natural CO, outgassing by increasing the upward
transport of DIC-rich CDW, thus leading to an increase in
atmospheric CO, (Gottschalk et al., 2020). This DIC increase
mostly arises from the advective upwelling of CDW along
isopycnals into the mixed layer, although increased vertical
diffusion at the base of the mixed layer could also significantly
contribute to the higher surface DIC (Dufour et al,, 2013).
Enhanced upwelling of CDW can also enhance primary
production, which acts to increase the export of organic carbon to
depth, thus lowering atmospheric CO, (Menviel, 2008; Hauck et al.,
2013). However, most studies found this negative feedback to only
have a small impact on the CO, fluxes (Dufour et al., 2013) and to
mostly impact carbon uptake north of the sub-Antarctic front
(Menviel et al., 2023).

Depending on the pCO, of the upwelled water, the magnitude of
the negative biological feedback as well as the resolution of the ocean
model used, which can impact the outcrop area of deep water and SO
circulation response, a 10% strengthening of the SH westerly wind
stress has been found to lead to a 2.7 ppm +/- 0.5 ppm CO, increase
(Menviel et al., 2008; Menviel et al.,, 2015; Huiskamp et al., 2016;
Lauderdale et al., 2017; Menviel et al., 2018; Gottschalk et al., 2019).
While Toggweiler et al. (2006) hypothesized that a poleward shift of
the SH westerly should enhance the SO CO, outgassing, simulations
performed with coarse resolution models led to mixed results, with a
poleward SH westerly shift leading to both an increase and a decrease
in atmospheric CO, depending on the model used (Gottschalk
et al., 2019).
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Most modelling studies that assessed the impact of SH westerly
changes on the marine carbon cycle were performed with models
that could not resolve mesoscale eddies (Lenton and Matear, 2007;
Lovenduski et al., 2007; Lovenduski et al., 2008; Menviel, 2008;
Tschumi et al., 2011; Dufour et al., 2013; Hauck et al., 2013; Volker
and Kohler, 2013; Huiskamp et al., 2016; Lauderdale et al., 2017).
Mesoscale eddies are prevalent in the SO, particularly downstream
of topographic features that intercept the path of the Antarctic
Circumpolar Current (ACC) (Sokolov and Rintoul, 2009; Frenger
etal., 2015). In the SO, eddy induced transports oppose the Ekman-
driven overturning transport via eddy compensation. Eddy-
permitting and eddy-rich models have thus highlighted the role
of eddy compensation in mitigating the Southern Ocean
overturning change due to increased wind stress (Meredith et al.,
2012; Morrison and Hogg, 2013). It has further been suggested that
climate models that did not use a variable eddy parametrization
coefficient most likely overestimated the wind-driven response
(Gent, 2016).

A recent study (Menviel et al., 2023) assessed the impact of
changes in the strength and position of the SH westerlies on SO CO,
fluxes, associated with a positive trend of the SAM over the last 42
years in a global eddy-rich model (ACCESS-OM2-01, 0.1°
resolution, 75 vertical levels) forced by the 55-year Japanese
Reanalysis for driving oceans (JRA55-do) (Tsujino et al.,, 2018).
This simulation shows that positive phases of the SAM (stronger
and poleward shifted SH westerlies) lead to enhanced SO CO,
outgassing south of the polar front, and reduced CO, uptake north
of the sub-Antarctic front. The CO, outgassing is maximum over
topography features such as over the eastern part of the Southeast
Indian Ridge, east of the Drake Passage and over the Southwest
Indian Ridge, which could be due to enhanced eddy mixing over
topography linked to the merging of multiple jets.

Here, we synthesize these results and merge them with other
experiments performed with the suite of ACCESS-OM2 models.
This includes the ACCESS-OM2 (1° and 50 vertical levels) and
ACCESS-OM2-01 (0.1° and 75 vertical levels) forced by the JRA55-
do reanalysis over the period 1958 to 2021 (Tsujino et al., 2018; Kiss
et al, 2020) as well as four idealized perturbation experiments
performed with the ACCESS-OM2-025 (0.25° and 50 vertical
levels), in which the SH near surface wind speeds are abruptly
modified (Hogg et al., 2017). The zonally uniform and temporally
steady perturbations are applied to the CORE-NYF 6-hourly wind
field between 27°S and 70°S with smoothing within 5° latitude of the
perturbation boundaries. The perturbations include i) a 20%
increase in SH westerly windstress between 32°S and 65°S, ii) a
20% increase with a 4° poleward shift, iii) a ~16% decrease, and iv) a
~4° equatorward shift of the SH westerly windstress. The first three
idealized experiments are integrated for 42 years, while the last one
is run for 125 years (Gray et al., 2023).

In all the simulations performed with the suite of ACCESS-
OM2 models, stronger and poleward shifted SH westerlies lead to
enhanced CO, outgassing south of the polar front (Figure 1). A
robust linear relationship is obtained between the natural SO CO,
flux and mean SO windstress (Figure 2A). The SO CO, outgassing
increases by 13 + 3 GtC/yr per N/m? (therefore ~0.13 GtC/yr per
10% windstress increase). These results show that an eddy-rich
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model displays a similar sensitivity to changes in SO upwelling than
a coarse-resolution model with a varying isopycnal thickness
diftusivity (Kiss et al., 2020).

While the relationship between the position of the maximum
SO windstress and SO CO, fluxes is weak, there is still a significant
relationship, with enhanced SO CO, outgassing as the SH westerlies
shift poleward, with a sensitivity of 0.016 + 0.04 GtC/° latitude
(Figure 2B). As the SH westerlies move poleward, so does the
divergence, which leads to a steepening of heavier isopycnals, thus
increasing the upwelling pathway of carbon-rich deep-waters
(Toggweiler et al., 2006; Gray et al., 2023).

While many modelling studies assessed the impact of SH
westerly changes on natural CO, fluxes, the impact on
anthropogenic CO, fluxes has been less studied. Nevertheless, the
results suggest that stronger SH westerlies also enhance the uptake
of anthropogenic CO; in the SO, but the amplitude of this enhanced
SO anthropogenic CO, uptake is only one third of the associated
enhanced natural CO, outgassing (Lovenduski et al., 2008; Menviel
et al, 2023). As such stronger SH westerlies reduce the total SO
CO, uptake.

3 Antarctic bottom water transport

AABW is the densest large-scale water mass in the global ocean
and it fills roughly 35% of the global ocean volume. As AABW
moves northward in the abyss, it upwells through diapycnal mixing
in the sub-tropics and tropics into deep waters (Talley, 2013). These
deep waters, i.e. North Atlantic Deep Water (NADW), Indian Deep
Water (IDW) and Pacific Deep Water (PDW) are then often
upwelled at the surface of the Southern Ocean as CDW. Changes
in AABW formation and transport, can arise from changes in SH
westerlies, but also changes in sea-ice cover and polynya opening.
For example, a poleward strengthening of the SH westerlies in the
ACCESS-OM2-025 enhances the northward transport of sea-ice,
thus leading to enhanced AABW formation and transport (Hogg
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et al, 2017; Menviel et al., 2018). On the contrary, stronger polar
easterlies increase the build-up of sea ice over the continental shelf,
which reduces AABW formation (Jeong et al., 2022; Schmidt et al.,
2023). Changes in buoyancy forcing resulting from changes in sea-
ice formation can also affect AABW formation and transport.
Polynya openings in the Antarctic coastal zone trigger large deep-
ocean convection events, which strengthen the lower overturning
cell (Hogg et al., 2017; Jeong et al, 2022). On the other hand,
reduced sea-ice formation and associated warmer conditions can
decrease the density of surface waters, thus increasing stratification
and decreasing the formation of AABW (Choudhury et al.,, 2022;
Zhou et al., 2023).

In turn, changes in AABW formation and transport affect the
oceanic DIC concentration and atmospheric CO,. Figure 3 shows
zonally averaged DIC anomalies in two experiments which feature
stronger AABW transport, but one is generated by surface SO
salinification in an Earth system model of intermediate complexity,
LOVECLIM (Menviel et al., 2015) (AAAABW=+14 Sy, Figures 3A, B)
and the other by a poleward strengthening of the SH westerlies in the
ACCESS-OM2-025 (/A\AABW=+11 Sy, Figures 3C-F). In both cases,
enhanced AABW transport leads to a natural DIC decrease in the
deep ocean (Figures 3A, C). This arises i) from a decrease in
remineralized DIC (Figures 3B, D), i.e. a decrease in the amount of
carbon that can accumulate in the deep ocean resulting from a lower
residence time of AABW; and ii) from a larger proportion of southern
sourced waters with lower DIC concentration being advected to the
deep North Pacific. The deep North Pacific indeed host the oldest
watermass with the highest DIC concentration. As this enhanced
lower overturning cell reduces deep ocean DIC concentration, it leads
to an increase in DIC concentration above 1500m depth north of 40°S
and in the mixed layer of the Southern Ocean (Figures 3A, C), thus
resulting in a weaker vertical DIC gradient.

The differences in simulated DIC anomalies between the SO
salinification and SH westerly poleward strengthening experiments
could be attributed i) to the different length of the experiments (100
years vs 50 years): the DIC anomaly needs more than 50 years to

O ACCESS-OM2-025, R=0.99
ACCESS-OM2-01, R=0.3
ACCESS-OM2, R=0.22

-0.02
-0.04
-0.06

-0.08 "

-0.1

54 52
Max windstress position, 'S

Relationship between SO natural CO, flux (south of 35°S) and SO windstress as simulated in experiments performed with ACCESS-OM2 models at
0.1° (black stars, ACCESS-OM2-01), 0.25° (blue circles, ACCESS-OM2-025) and 1° (red triangles, ACCESS-OM2) resolution. (left) SO natural CO; flux
as a function of SO windstress (averaged between 35°S-65°S), with a slope of 13 + 3 GtC m?/N across all experiments and R values of 0.97, 0.6 and
0.63 for the experiments performed with the ACCESS-OM2-025, ACCESS-OM2-01 and ACCESS-OM2, respectively. (right) SO residual natural CO,
flux as a function of location of the maximum SO windstress with a slope of 0.016 + 0.04 GtC/° latitude. The R values are of 0.99, 0.3 and 0.22 for
the experiments performed with the ACCESS-OM2-025, ACCESS-OM2-01 and ACCESS-OM2, respectively. The residual natural CO, flux was
calculated by subtracting the impact of changes in the strength of the westerly windstress as per the relationship defined on the left.
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Southern Ocean salinification
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FIGURE 3

Zonally-averaged (A) natural DIC and (B) remineralized DIC anomalies (mmol/m?®) after 100 years for the SO salinification experiment performed with
the Earth system model of intermediate complexity LOVECLIM (Menviel et al,, 2015). Zonally-averaged (C) natural DIC, (D) remineralized DIC, (E)
anthropogenic DIC and (F) total DIC anomalies (mmol/m?) after 50 years for the poleward intensified SH westerlies (+20% and 4° poleward shift)
experiment performed with the ACCESS-OM2-025 (Menviel et al,, 2018). Overlaid are the global overturning streamfunction anomalies (Sv).
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reach the deep North Pacific; ii) the poleward strengthening of the
winds enhance the upper overturning cell (Hogg et al., 2017)
(Figure 3C); and iii) the poleward strengthening of the SH
westerlies leads to the opening of a polynya, which triggers a
large deep-ocean convection event in SO.

Even though the preformed carbon entrained in the
downwelling branch of AABW can increase, thus also leading to
a significant increase in anthropogenic DIC concentration in the
Southern Ocean (Figure 3E), this cannot compensate for the loss of
natural DIC (Figure 3C) thus leading to negative total DIC
anomalies (Figure 3F).

Frontiers in Marine Science

4 Discussion

Both dynamical and buoyancy changes can impact SO circulation
and thus the SO CO, air-sea gas exchange, as well as the oceanic DIC
distribution. As changes in the strength and position of the SH
westerlies modulate the upwelling of carbon-rich deep-waters to the
surface of the SO, it has long been suggested that changes in the SH
westerlies could modulate the atmospheric CO, concentration
(Russell et al., 2006; Toggweiler et al., 2006). While coarse
resolution models consistently showed that stronger SH westerlies
enhance the SO natural CO, outgassing (Gottschalk et al., 2019), the
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lack of representation of mesoscale eddies within these modelling
framework cast doubts on this result. In addition, due to the
misrepresentation of AABW formation and the coarse resolution of
the models used, the impact of changes in the position of SH
westerlies on SO CO, flux was debated (Gottschalk et al., 2019).
New results obtained with an eddy-rich model, which correctly forms
dense-shelf water, show that mesoscale eddies do not significantly
diminish the carbon cycle response to the wind-driven circulation
and that poleward shifted SH westerlies enhance the SO natural CO,
outgassing (Menviel et al., 2023).

In line with this, present-day hindcast simulations have
suggested that changes in SH westerlies associated with the SAM
were the dominant factor modulating the SO air-sea CO, exchange
(Lenton and Matear, 2007; Lovenduski et al., 2007; Lovenduski
et al., 2008). However, these simulations have not been able to
reproduce the observational-based estimates contemporary CO,
fluxes in SO (Lequere et al., 2018; Gruber et al,, 2019; Hauck
et al,, 2020), even with eddy-rich ocean models (Menviel et al.,
2023) forced with atmospheric reanalyses. Gloege et al. (2021)
found that the decadal-scale variability in SO contemporary CO,
flux could be overestimated by 30% due to undersampling. On the
other hand, hindcast simulations could also underestimate the
variability due to an overestimation of negative feedbacks (e.g.
biological). The impact of changes in the strength and position of
the SH westerlies should be further studied in eddy-permitting or
eddy-resolving models that include complex ecosystem models.

The underestimation of the decadal-scale CO, variability could
also be due to a poor representation of changes in buoyancy forcing,
for example arising from enhanced Antarctic basal melt rates
(Adusumilli et al., 2020), that could weaken AABW (Li, 2023).
Buoyancy gain on the Antarctic shelf through either increased
meltwater or warming will weaken the formation of AABW, and
its subsequent transport (Menviel et al., 2010; Bintanja et al., 2013;
Li, 2023). As a water mass ages, it accumulates remineralized
nutrients. Weaker AABW transport increases the remineralized
nutrient content in the deep ocean, which has been shown to
increase the vertical DIC gradient and reduce SO natural CO,
outgassing (Ito and Follows, 2005; Menviel et al., 2015). Future
hindcast simulations should thus also include changes in Antarctic
basal melt rates, with the caveat that the present-day carbon cycle
could still be responding to changes that occurred decades ago.

In addition, as most models used to study the impact of changes
in the oceanic circulation form AABW through deep-ocean
convection, the impact of changes in dense-shelf water formation
on the marine carbon cycle needs to be studied. In particular, the
transport pathway of carbon from the abyss into deep waters and
back to the surface as a function of bottom and deep water masses
transport and volume should be better constrained. While both
changes in SO upwelling strength and AABW formation can
impact atmospheric CO,, the marine carbon cycle response
timescales are different: the SH westerlies impact the SO CO,
outgassing within just a few months (Lenton and Matear, 2007;
Menviel et al, 2023), while changes in AABW formation and
transport only significantly impact air-sea CO, fluxes on a multi-
decadal timescale (Menviel et al., 2018).
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Finally, buoyancy and dynamic SO forcing can oppose each
other, thus leading to a complex time-evolving oceanic circulation
and thus marine carbon cycle response. In the context of past,
present and future climate change, the individual and compound
effects of changes in SH westerly, sea-ice formation and melt,
formation of SO watermasses and the marine carbon cycle need
to be better constrained to understand the resultant changes in
atmospheric CO,.
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Impact of circumpolar deep
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West Antarctic: a case study in
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Oceanography and Coastal Science, Louisiana State University, Baton Rouge, LA, United States

This research delves into the interaction between carbon isotopes, ice-rafted
debris (IRD), and Circumpolar Deep Water (CDW) in the Amundsen Sea, West
Antarctic. Utilizing sediment core ANT36-A11-04, we traced the source of the
organic matter though an analysis of the total organic carbon (TOC), stable
carbon isotopes (8"°Cq,g), and nitrogen content. We identified six environmental
events in this region since the Mid-Holocene, which were discerned through a
comparative analysis of the SBCO@, TOC, and IRD content. These events were
closely linked to variations in the intensity of the CDW. Notably, the synchronous
occurrence of a negative shift in the 613Corg value and increases in TOC and IRD
highlight the significant impact of CDW intrusion, underlining the pivotal role of
the CDW in the regional environmental evolution. Specifically, intensified
upwelling of the CDW was correlated with increased heat and nutrients,
enhanced glacier melting, phytoplankton blooms, higher TOC content,
augmented deposition of IRD, and finally resulted in a negative shift in the
8"%Corq value. We present a comprehensive picture of the local environmental
evolution in the Amundsen Sea, characterized as a marine-glacial-biological
coupling model, thereby contributing to a broader understanding of Antarctic
environmental dynamics.
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Highlights

* The organic matter source of the sediments in Core
ANT36-A11-04 was analyzed.

e The 6000-yr paleoenvironmental evolution was
reconstructed via indicators.

* Six events were identified via indexes and
corresponding records.

e Circumpolar Deep Water plays a key role in

environmental evolution.

1 Introduction

The Antarctic environment is experiencing significant
transformations. Recent satellite data reveal that over the last two
decades, the West Antarctic Ice Sheet (WAIS) has been diminishing
at an alarming rate of 100-200 Gt per year. This decline contributes
to a rise in sea level of approximately 0.25-0.26 mm per year
(Joughin and Alley, 2011). Notably, the Amundsen Sea region
exhibits pronounced changes, with the Pine Island and Thwaites
ice shelves experiencing the most substantial mass losses. These
shelves, as floating extensions of the ice sheet, play a crucial role in
buttressing the ice sheet. Their melting leads to accelerated flow of
the upstream glaciers into the ocean, significantly impacting global
sea levels (Gudmundsson et al.,, 2019; Naughten et al., 2023). The
vulnerability of the WAIS to warm, moist oceanic air and sub-shelf

10.3389/fmars.2023.1284750

currents is a key factor driving these changes (Jenkins et al., 2010;
Nicolas and Bromwich, 2011). In the Amundsen Sea, the melting of
the ice shelf is predominantly influenced by the upwelling of the
Circumpolar Deep Water (CDW). This warmer water not only
transports heat and nutrients but also plays a vital role in shaping
the regional sea ice dynamics and ecosystems (Nakayama et al.,
2014; Nakayama et al., 2018; van Manen et al., 2022).

Research on the CDW in the Amundsen Sea has predominantly
concentrated on modeling the intrusion of the CDW and examining
variations in the temperature and salinity within the water column
(Thoma et al., 2008; Nakayama et al., 2013; Mallett et al., 2018).
However, there is a notable gap in research on the historical
evolution of the CDW and its correlations with various indicators
in sediment and ice-rafted debris (IRD). We aim to shed light on the
paleoenvironmental shifts in the Amundsen Sea and to investigate
how organic components and IRD respond to the influence of the
CDW. This approach enables us to unravel the underlying
mechanisms driving environmental changes in this region.

2 Materials and methods

Sediment samples were collected from push core ANT36-A11-
04, which was obtained during the 36th Chinese National Antarctic
Research Expedition (2019-2020). The sampling site, situated at a
depth of 500 meters in the Amundsen Sea, West Antarctic (117.835°
W, 72.028°S) is depicted in Figure 1. Following the collection, these
samples were meticulously preserved at 4°C in a freezer, pending
analysis. The processing in the laboratory adhered strictly to the

o d

Marie Byrd Land

FIGURE 1

Map of the currents and station. The map on the right side is an overall map of the Antarctic. The red rectangle is the study area in the Amundsen
Sea, the yellow star denotes Antarctic Peninsula, the purple star denotes the Bellingshausen Sea, and the red star denotes the Ross Sea. The map on
the left side is a detailed map of the study area. The arrows represent the currents. The purple arrow is the costal current, green arrow is melting
water, the brown arrow is the Circumpolar Deep Water, and the deep blue arrow is the Antarctic Circumpolar Current. The two grey shaded areas

are the two biggest ice shelves in this region.
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Specifications for oceanographic survey - Part 8: marine geology
and geophysics survey (Liu et al., 2007). The core was 38 cm long
and characterized by a dark grayish-brown hue. It was sectioned at
I-cm intervals, resulting in the attainment and analysis of 36
distinct samples.

Antarctica shelf sediments typically lack calcareous foraminifera,
which are commonly used in radiocarbon dating due to their well-
established reservoir adjustments (Smith et al., 2014). Consequently,
dating the acid insoluble organic (AIO) fraction becomes necessary.
However, bulk AIO dates often face contamination risks from ancient
organic matter eroded from the Antarctica continent (Licht et al,
1996; Anderson and Andrews et al., 1999; Ohkouchi and Eglinton,
2006) or the redistribution of older shelf sediments (Domack et al.,
1999), potentially leading to anomalously older radiocarbon ages.
Despite these challenges, several studies have effectively employed
AIO fraction dates to establish deglacial chronologies for the
Antarctica shelf (Domack et al., 1999; Licht and Andrews, 2002;
Mosola and Anderson, 2006; Heroy and Anderson, 2007;
Hillenbrand et al., 2010; Smith et al., 2011; Licht and
Hemming, 2017).

For core ANT36-A11-04, we implemented a rigorous dating
methodology, integrating sedimentological and geochemical data to
identify optimal horizons for accurate "“C dating. Notable shifts in
these data, potentially indicative of significant environmental changes
(Figure 2), guided the selection of six samples for accelerator mass
spectrometry (AMS) e dating at Beta Laboratories, USA (Table 1),
complemented by *'°Pb dating methods (Figure 3). Age corrections

10.3389/fmars.2023.1284750

were made using the Calib 8.2 program (Stuiver and Reimer, 1993). It
was assumed that the regional marine offset (AR) was 900 + 100,
which is consistent with the global marine reservoir effect and
previous studies conducted in the Amundsen Sea Embayment
(Lowe and Anderson, 2002; Hillenbrand et al., 2010).

Grain size analysis was conducted using a Malvern 2000 laser
particle size analyzer at the Second Institute of Oceanography,
Ministry of Natural Resources, Hangzhou, Zhejiang Province,
China, following the Specifications for oceanographic survey -
Part 8: marine geology and geophysics survey (Liu et al., 2007).

The organic carbon and nitrogen contents and isotope
compositions were also analyzed at the Second Institute of
Oceanography. Freeze-dried samples were milled to a size of less
than 120 um. Excess 1 M hydrochloric acid was added to the
samples, which were then left to react for 24 hours to remove the
carbonate. After neutralizing the samples with deionized water, the
samples were lyophilized. For the 513C(,rg and organic carbon
content analyses, 1-4 mg of the treated samples were wrapped in
tin cups, while the nitrogen content analysis required a ten-fold
increase in the sample weight. Isotope ratio mass spectrometry
(Thermo Delta Plus AD, Germany) was used to conduct the 513Corg
analysis of the sediments, and the results were calibrated against
standards USGS-24, GBW4407, and IAEA-N-1. The §"°C,,, data
have an accuracy of £0.2%o in reference to the Pee Dee Belemnite
(PDB) international standard. The organic carbon and nitrogen
contents were analyzed using an Elementar Vario (Germany), with
an analytical accuracy of +0.01%.

0.7 35 3 13
X064 = 25
Q =
S04 3 15

0.2 S

0 5 10 15

Depth (cm)

FIGURE 2

Comparison of grain size and geochemistry for the sediments in core ANT36-A11-04. The red solid line denotes the total organic carbon (TOC), the
green dot line denotes the > 150 um particle content, and the blue dash line denotes the 813(:0,9.

TABLE 1 Dating results and sedimentation rate for sediment in core ANT36-A11-04 or financial relationships that could be construed as a potential
conflict of interest.

Depth AMS *C (cal Calibrated Old Carbonate Calendar Age (cal Sedimentation rate
(cm) yr B.P.) Age (a) Age (a) yr B.P) (cm/kyr)
2-3 5100 + 30 4096 4096 0
6.66
12-13 6730 + 30 6047 4096 1951
17-18 8310 + 30 7693 4096 3597 3.04
22-23 9450 + 30 8979 4096 4883 3.04
32-33 10230 + 50 9951 4096 5855 1029
37-38 10400 + 30 10245 4096 6149 17.01
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FIGURE 3
210pp,, profile of sediment in core ANT36-A11-04

3 Results
3.1 Chronology

Figure 3 shows that there is a distinct exponential decrease in the
excess 210Pb activity from the surface to a depth of 10 cm in the
sediment from core ANT36-A11-04. It stabilizes at background levels
below this depth. This trend suggests that the uppermost layer is
indicative of recent sedimentation. Via age calibration using the Calib
8.2 software, we estimate that the calendar age of the sediment at
depths of 2-3 cm is approximately 4096 years before present (B.P.). In
light of the 210Pb activity profile, this age is interpreted as the old
carbon age for this region. As a result, all of the AMS '*C dating results
were corrected by subtracting the age of the top of the core (4096 cal yr
B.P.) Through linear interpolation and extrapolation of these corrected
ages, we estimate that the calendar age at the base of the sediment is
6149 cal yr B.P. The sedimentation rates (Table 1) range from 3.0 cm/
kyr to 17.0 cm/kyr. The limited quantity of sediment in the lowermost
layers (36 cm to 38 cm) precluded the acquisition of data on the
organic carbon, nitrogen, and carbon isotopes, but grain size analysis
was conducted. Consequently, in the subsequent analyses, the age of
the 35-cm layer, approximately 6031 cal yr B.P., is uniformly adopted
as the representative age of the bottom layer.

3.2 Organic carbon content, nitrogen
content, and organic carbon isotopes
In core ANT36-A11-04, the total organic carbon (TOC) content

varied notably, ranging from 0.26% to 0.66%, with an average of 0.38%
(Figure 4). The TOC content peaked between 6000 and 5200 cal yr

Frontiers in Marine Science

B.P., reached the highest level, and subsequently remained a lower
range of 0.26-0.45% after 5200 cal yr B.P. Regarding the total nitrogen
(TN) content, it oscillated between 0.02% to 0.06%. A distinct shift
occurred around 4000 cal yr B.P., that is, from 6000 to 4000 cal yr B.P.,
the TN content varied between 0.04% and 0.06%, with an average of
0.05%. After 4000 cal yr B.P., it ranged from 0.02% to 0.04%, with an
average of 0.03%. The carbon to nitrogen ratio (C/N) also fluctuated,
ranging from 6.6 to 17.9, with an overall average of 10.78. The §'"°Cyyq
value underwent significant variation, ranging from -30.75%o to -
26.33%o, with an average of —28.07%o. The lowest and highest 613C0,g
values occurred at 177 cal yr B.P. and 5369 cal yr B.P., respectively.

3.3 Grain size

Figure 5 depicts the changes in the grain size and compositional
characteristics of the sediments in core ANT36-A11-04. The sediment
composition varied. Silt was predominant (average of 41.2%), followed
by sand (38.7%) and clay (19.9%). The grain size composition
characteristics can be categorized into two distinct stages. From
3600 cal yr B.P. onwards, the mean grain size (Mz), skewness,
kurtosis, and sand content generally remained below the average
values, with a notable exception around 1500 cal yr B.P. when they
exceeded the average values. Conversely, during this stage, the silt and
clay contents exhibited inverse trends. The sorting coefficient,
skewness, and kurtosis exhibited minimal variation, suggesting a
more uniform grain size distribution. In contrast, from 6149 to
3600 cal yr B.P, the Mz, skewness, kurtosis, and sand content
consistently exceeded the average values, while the silt and clay
contents were lower. During this period, the average skewness was
0.56, indicative of right-skewness, and the average kurtosis was 2.32.
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Vertical variations in TOC, TN, C/N, and 8*C for the sediments in core ANT36-A11-04.
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FIGURE 5

Grain size characteristics of sediments in core ANT36-A11-04. The colorful shaded area represents that this layer is beyond the average value. The
grey shaded area denotes that the data within these depths are distinct from the data for the other depths.
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This earlier phase was characterized by higher levels of skewness,
kurtosis, and sand-grade components, implying that the provenance of
the sand-grade components was distinct from that in the later stage.

4 Discussion

4.1 TOC and §"°C,,q profiles: indicators of
paleoenvironmental conditions

The Antarctic environment imparts distinct characteristics to
the stable carbon isotope compositions of marine organic materials,
markedly differing from those at lower latitudes. The notably low
(depleted) 513C0rg values of Antarctic plankton have been attributed
to several factors: the low water temperature and resultant high CO,
availability (Rau et al., 1989), the specific species composition of the
plankton, and the upwelling of deep water (Lupton and Craig, 1981;

Land-derived
!

813C (%o)

Ocean-derived

S
Land-derived

FIGURE 6

Organic matter source discriminant diagram for core ANT36-A11-
04. (A) SBCOrg value and endmember value of the sediments in core
ANT36-A11-04 (Shultz and Calder, 1976; Minoura et al., 1997). The
region delineated by the blue arrow, marking the range of 6.3 to
12.4, suggests a marine origin for the organic matter. A C/N ratio of
greater than 20 indicates that the organic matter has a terrestrial
origin. (B) C/N value and end-member value of the organic matter
in ANT36-A11-04 (Albuquerque and Mozeto, 1997; Stein and Fahl,
2000). The values close to the blue area signify a marine source for
the organic matter, while proximity to the green area indicates a
terrestrial source.
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Spezie, 1999). In Antarctic waters, the surface-water CO,
concentrations can be up to 2.5 times higher than those in
equatorial waters, primarily due to the lower temperatures. This
increase in the CO, concentration, coupled with the temperature
decrease, likely contributes to the reduction in the 813corg values at
higher latitudes. Additionally, the upwelling of deep waters, which
are enriched in dissolved CO, with low 8"C values due to the
remineralization of organic matter, further influences this biological
processing in the surface water. Consequently, 8'*Coyq is a potential
indicator of environmental change and is a focal point in this study.

The study area is predominantly influenced by the colonial
haptophyte Phaeocystis antarctica, known for its specific organic
carbon isotope ratio (513C0rg). This ratio typically ranges between —
28.34%0 and -29.86%o (Delmont et al., 2014; Ducklow et al., 2015),
which is very consistent with our data (i.e., —30.75%0 to —26.33%o,
average of -28.07%o). These findings suggest that marine
phytoplankton made a significant contribution to the organic carbon
in the sediment in core ANT36-A11-04. To ascertain the organic
carbon source, we used a 813C0rg value of -31.5%o for West Antarctic
phytoplankton as the marine endmember, and a value of -23.6%o for
East Antarctic terrestrial mosses, lichens, and freshwater lake algae as
the terrestrial endmember (Shultz and Calder, 1976; Minoura et al.,
1997). Our analysis revealed that the organic carbon in the core
predominantly originated from marine sources (Figure 6).
Furthermore, due to the fact that terrestrial plants are composed of
nitrogen-poor lignin and cellulose, while marine organisms are contain
nitrogen-rich proteins marine and terrestrial sources of organic matter
have distinct C/N values. Terrestrial plants typically have C/N values of
> 20 (Albuquerque and Mozeto, 1997), whereas that of high-latitude
marine phytoplankton ranges from 6.3 to 12.5 (Stein and Fahl, 2000).
As depicted in Figure 6, C/N values of > 20 suggest a terrestrial plant
origin, while values of 6.3-12.5 indicate a contribution from marine
phytoplankton. The average C/N value of 10.8 for the core suggests a
primarily marine phytoplankton source. However, the variation in the
C/N values from 6.6 to 17.8 implies possible terrestrial inputs or the
influences of early diagenesis or grain size effects, as evidenced by the
correlation between the C/N ratio and Mz of 042, p = 0.03.
Consequently, marine sources were the dominant contributors to the
core’s organic carbon content.

The TOC content is intricately linked to primary productivity in
the marine environment. Enhanced primary productivity is often
correlated with an increase in the TOC content (Island, 2001; Khim
et al,, 2004; Mendonga et al., 2017). In high-latitude regions, the
primary productivity exhibits notable seasonal and spatial
variations and is primarily governed by light availability and
climatic fluctuations. Consequently, the TOC content is a
potential indicator of environmental change, reflecting alterations
in the underlying productivity dynamics.

4.2 Tracing paleoenvironmental dynamics
and underlying mechanisms in the
Amundsen Sea since the mid-Holocene

Previous studies in the Ross Sea (Yongbin et al., 2021) and the
Amundsen Sea (Hillenbrand et al., 2009) have established that the
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IRD variation was closely linked to environmental changes, making
IRD a key indicator of glacial activity in the West Antarctic region.
In high-latitude regions, the > 150 pum grain-size fraction in
sediments is commonly used as a proxy for IRD. Our analysis of
core ANT36-A11-04 (Figure 7) indicates that the 67-707 um grain
size interval was the most sensitive to environmental changes, with
a pronounced peak at 177 um. Thus, the > 150 wm fraction was
selected as the IRD proxy in this study.

Through integration of multiple proxies, including the Cd/P ratio
(indicative of CDW intensity) (Xu et al, 2021), BlsCorg of organic
matter and TOC content for core ANT36-A11-04, and the > 150 um
grain size (IRD proxy), we reconstructed the paleoenvironmental
history of the Amundsen Sea. Spanning over 6,000 years, the core
recorded six distinct environmental events (I-VI; Figure 8). Generally,
the TOC and IRD trends corresponded with the variations in the
intensity of the CDW. During 6000-3000 cal yr B.P, the TOC, IRD,
and CDW decreased from the highest points to the average states. This
pattern suggests a strong interconnection between the TOC, IRD, and
CDW, that is, both the TOC and IRD decreased as the intensity of the
CDW decreased, underscoring the influence of the CDW on these
parameters. Additionally, there were noticeable peaks in both the TOC
and IRD during the six periods studied. This trend was inversely
reflected in the 813C0rg record, suggesting that the 813C0rg variations
were associated with the TOC and IRD variations, and the CDW was
also a potential influencing factor.

Our environmental evolution model (Figure 9) proposes that
the upwelling of the relatively warm CDW contributed to
accelerated glacier melting, enhancing sea ice melting and the
subsequent release of IRD. The melting of sea ice facilitated a
rapid exchange between the ocean and the atmosphere, leading to a
marked negative shift in the 8'°C,,, value of the marine plankton
(Rau et al,, 1989; Yager et al., 2016). Additionally, the influx of heat
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and nutrients associated with the CDW likely stimulated
phytoplankton blooms, contributing to an increase in the TOC.
During event I (5800-5500 cal yr B.P), as illustrated in Figure 8,
there was a concurrent peak in the TOC, and the > 150 um particle
size content coincided with a low 613C0,g value. This pattern is
indicative of an increased supply of IRD, potentially linked to
intensified sea ice melting (Sakamoto et al, 2005). This period
corresponded with a documented reduction in the sea ice content
in the Weddell Sea, as evidenced by the abundance of foraminifera F.
curta (Mezgec et al,, 2017). A subsequent decline in the Cd/P ratio
pointed to weakening of the intensity of the CDW, which likely led to
diminished heat transfer to the sea surface. This reduction in heat
transfer could have resulted in decreased ice shelf melting or
augmented sea ice coverage (Thoma et al., 2008; Guo et al., 2019).
Consequently, this led to a decrease in the supply of IRD and lower
availability of light and nutrients, which in turn resulted in a decrease
in the TOC. The observed decrease in the 513Corg value was
influenced by multiple factors (Rau et al., 1989; Goericke and Fry,
1994; Annett et al,, 2007). When phytoplankton absorb carbon from
the inorganic carbon pool, they are more inclined to absorb lighter
isotopes at higher inorganic carbon concentrations (Mook et al,
1974). These factors were linked to the changes in the CDW, as a
decline in the intensity of the CDW resulted in decreased heat and
nutrient transport to the sea surface (Fei et al., 2019; Xu et al,, 2021).
The subsequent events, II (5100-4600 cal yr B.P), IIT (3900-3200
cal yr B.P), IV (2600-2000 cal yr B.P), V (1800-1300 cal yr B.P), and VI
(1100-500 cal yr B.P), exhibited similar patterns. The IRD and TOC
exhibited opposite patterns compared to that of the §"C,y The
presence of an IRD deposition pattern was evident in the sediment
in core ANT36-A11-04, which is consistent with the ice retreat-
associated IRD input events in the Ross Sea and the Amundsen Sea
(Hillenbrand et al., 2009; Yongbin et al, 2021). This pattern can be
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FIGURE 8

The response relationship between 8“(:0rq and the environment and its potential mechanism. The yellow solid line denotes the TOC content in core
ANT36-A11-04, the red dashed line indicates the > 150 um fraction content in the core, the green solid line denotes the Cd/P ratio within the
penguin ornithogenic sediments from the Ross Sea, which indicates the intensity of the CDW (Xu et al., 2021), and the blue solid line denotes the
51‘7’CO,9 of the organic matter within the core sediments.

Floating Sea Ice

Phytoplankton

Nutrients & Heat

FIGURE 9

Environmental evolution pattern. The Circumpolar Deep Water (CDW) (depicted in red) intruded beneath the ice shelf (depicted as a blue opaque
polyhedron with cracking details). The upwelling CDW is shown as upwelling water (indicated by the dark blue arrow), which carries both nutrients
(shown as small green spheres) and heat (shown as red spheres) toward the sea surface. This upwelling fostered the proliferation of phytoplankton
(illustrated as larger green spheres) near the floating sea ice. Additionally, this process contributed to the melting of the ice shelf and sea ice, leading
to the release of ice-rafted debris (yellow and brown particles), which then became incorporated into the ocean sediments.
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attributed to the influence of the upwelling of warm CDW on the ice
shelves in the Amundsen Sea sector. As the grounding line of the ice
shelves retreated, significant amounts of land-derived detritus were
unloaded, leading to IRD deposition events and the formation of glacial
debris deposits on the continental shelf (Anderson et al., 2014). When
the heat flux decreased and the sea ice coverage expanded, the melting
of icebergs slowed, resulting in decreased IRD deposition, reduced
primary production, and a lower TOC.

Our analysis of the sediment in core ANT36-A11-04 suggests
that the CDW profoundly impacted the local environmental changes,
including the sea ice dynamics, blooming of phytoplankton, and IRD
deposition (Figure 9). The core record illustrates that the close
association between the CDW, 513C0,g, and IRD values suggests
that the CDW played a critical role in the regional environmental
evolution process. The reduction in the intensity of the CDW resulted
in a decreased water temperature, reduced ice shelf melting,
diminished IRD input, and a reduced production rate of
organically derived phytoplankton. In summary, the existence of
this coupled model emphasizes the importance of the CDW in the
environmental changes in the Amundsen Sea region.

5 Conclusions

Over the past decade, many researchers have found that the
atmosphere and ocean currents in West Antarctic played a key role
in the environmental evolution in this region. In particular, the
CDW deeply influenced the glaciers and ecosystem. To determine
the relationship between the CDW and the environmental changes,
several analyses were performed in this study. The three main
conclusions are presented below.

1. By examining the sediment of core ANT36-A11-04 and
integrating prior research findings, it was found that the
primary source of the organic matter in the sediment was
largely oceanic.

. The > 150 pm grain size component in core ANT36-A11-
04 was utilized as an alternative indicator of IRD, in
combination with other indicators such as 813C0rg, TOC,
and proxy for the CDW. Through these indicators, six
environmental events were identified, each with
corresponding records in the Antarctic region.

. By comparing multiple indicators, it was observed that there
was a clear response relationship between the 813C0rg, IRD,
and CDW, indicating that the CDW played a critical role in
the regional environmental evolution. The upwelling of the
relatively warm CDW led to accelerated glacier melting and
increased heat flux, which also enhanced the melting of sea ice.
This process resulted in the release and deposition of IRD
carried by glacial and sea ice. Furthermore, the heat and
nutrients transported by the upwelling water stimulated the
proliferation of marine plankton. Additionally, the melting of
sea ice enhanced the rapid exchange between the ocean and
the atmosphere, ultimately causing a noticeable negative shift
in the 613C0rg value of the marine plankton.
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Polar Science of the Ministry of Natural Resources, Polar Research Institute of China, Shanghai, China

Knowledge on spatial distribution, provenance and delivery mode of surface
sediment aids in interpretation of nearby sediment records for
paleoenvironmental reconstruction. Such knowledge, however, remains largely
unknown for the modern Ross Sea, Antarctica: a key region for understanding the
dynamical behavior of Antarctic Ice Sheet over geological past. In this study, we
address this gap by analyzing the grain-size distribution, coarse fraction (>250
pum) lithology, and clay mineralogy of a set of surface sediment samples covering
the whole Ross Sea continental shelf. Our data reveals that the sediments were
mostly delivered by icebergs and bottom currents. Iceberg delivery was
significantly controlled by factors such as water depth, proximity to the iceberg
sources, and invasion of the Modified Circumpolar Deep Water. Bottom current
activity was stronger in the Western Ross Sea (WRS) than in the Eastern Ross Sea
(ERS), controlled by the formation and transport of Dense Shelf Water. Three
major sorts of coarse fraction were identified, including the quartz-rich Iceberg
Rafted Detritus (IRD) originating from West Antarctic glaciers and primarily
distributed in the ERS, the mafic rocks-rich IRD from the Ferrar Group as well
as the McMurdo Volcanic Group and mainly found in the WRS, and deformed silt
traced back to the grounding zone of the David Glacier-Dragalski Ice Tongue
system. The distribution of clay minerals is dominated by a distinct binary mixing
pattern. Smectite and kaolinite are mainly present in the ERS, derived from
beneath the West Antarctic Ice Sheet. Higher illite and chlorite contents were
found offshore of the Southern Victoria Land, derived from the East Antarctic
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craton. Overall, these results demonstrate that the glaciers draining into Ross Sea
from both the East and West Antarctic Ice Sheets are highly dynamical in the
context of modern climate conditions, with implications for potential
contribution to future sea level rise.

KEYWORDS

surface sediment, ross sea, grain-size, iceberg rafted debris, clay mineralogy

1 Introduction

Antarctica hosts the hugest ice sheet on earth, representing a sea
level equivalent of approximately 60 m (Fretwell et al., 2013). The
potential for partial melting of the Antarctic Ice Sheet to contribute
significantly to global sea level rise has garnered increasing attention
in the context of ongoing global climate warming (Blackburn et al.,
20205 Ge et al., 2022). Ross Sea is one of the largest marginal seas
around Antarctica. It serves as a major drainage basin for glaciers
derived from both the East Antarctic Ice Sheet (EAIS) and the West
Antarctic Ice Sheet (WAIS) (Naish et al., 2001; Naish et al., 2009).
Sediment records from the continental shelf of the Ross Sea hold
invaluable clues about the dynamical behavior of the glaciers
derived from these ice sheets (Anderson et al., 1984; Ehrmann,
1998; Naish et al., 2001; Anderson et al., 2018; Marschalek et al.,
2021), which are crucial for deepening our understanding of the
global climate system as well as for projections on future climate
and sea level change (DeConto and Pollard, 2016; Edwards
et al., 2019).

Understanding sediment provenance and delivery modes is
paramount in deciphering the signals of paleo-environmental
changes embedded in sediment sequences (Junttila et al., 2005;
Cowan et al., 2008; Wilson et al., 2018; Wu L. et al., 2021). Analysis
of the spatial distribution of sediments offers valuable insights for
acquiring such knowledge (Borchers et al., 2011; Shao et al., 2022).
In the region of the Ross Sea, these analyses have primarily focused
on sediments from the last glacial period (Licht et al., 1999; Licht
et al., 2005; Farmer et al., 2006; Halberstadt et al., 2018). For
instance, Licht et al. (1999) examined the spatial distribution of
tills in the Western Ross Sea (WRS) deposited during the last glacial
period. Their findings suggest that even during the Last Glacial
Maximum (LGM), the Ross Ice Shelf (RIS) did not extend to the
shelf break in the WRS. In another study, Licht et al. (2005)
investigated tills deposited across the entire continental shelf of
the Ross Sea during the last glacial period and observed that tills in
the Eastern Ross Sea (ERS) were rich in quartz and exhibited a finer
mean grain-size. In contrast, tills from the WRS contained
abundant mafic igneous rock detritus and displayed a coarser
mean grain-size. Farmer et al. (2006) conducted further
geochemical and isotopic analyses of these tills and identified
similarities between tills from the ERS and terrestrial tills from
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West Antarctica, while tills from the WRS exhibited characteristics
akin to rocks from the McMurdo Volcanic Group. Collectively,
these findings provide evidence of significant expansion of both the
West Antarctic Ice Sheet (WAIS) and East Antarctic Ice Sheet
(EAIS) during the last glacial period (Licht et al.,, 2005; Farmer
et al., 2006).

The first preliminary description of the shelf surface sediments
in Ross Sea was provided by Anderson et al. (1984). Subsequent
studies on such sediments focus primarily on distributions of their
biogenic components, including the composition of carbon isotopes
(**C and C) (Andrews et al., 1999), biological silica/carbonates
(Burckle, 2001; Hauck et al,, 2012), and diatom assemblages
(Cunningham and Leventer, 1998). Distributions of the detrital
fractions of these sediments, however, remains largely
uninvestigated (Anderson et al., 1984), despite the existence of a
few studies regarding the geochemical and isotopic compositions of
the surface sediments from Ross Sea involving limited sampling
sites (Shao et al., 2022; Wang et al., 2022).

Here, we provide a novel dataset comprising grain-size
distribution, coarse fraction (>250 um) lithology, and clay
mineralogy measured on a set of surface sediment samples
obtained from the Ross Sea continental shelf. This study aims to
determine the provenances, distribution patterns, and delivery
modes of these sediments which may aid in interpretation of
sedimentary records collected from this area.

2 Environmental setting and
geological background

Ross Sea is the second largest marginal sea around Antarctica,
facing the Pacific Ocean. It is bounded by Marie Byrd Land on the
east and the Transantarctic Mountains on the west and south
(Figure 1A), serving as outlets of many glaciers derived from both
the EAIS and WAIS (Farmer et al., 2006; Rignot et al., 2008).

Currently, the Ross Sea continental shelf south of 78°S is
covered by the RIS. It stands as the largest ice shelf on earth with
an average ice thickness of ~600 m and an area of 5x10° km?
(Figure 1A) (McKay et al., 2018). The Ross Sea floor north of 78°S
deepens landward (southward) with water depth ranging from 200-
1000 m and an average of ~500 m. It is featured by several SW/NE-
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(A) Location map displaying the sampling locations and relevant features of the Ross Sea embayment for this study. The abbreviations used are as
follows: WAIS (West Antarctic Ice Sheet), EAIS (East Antarctic Ice Sheet), RIS (Ross Ice Shelf), R.I (Ross Island), M.S (McMurdo Sound), RSP (Ross Sea
Polynya), MSP (McMurdo Sound Polynya), TNBP (Terra Nova Bay Polynya), David G. (David Glacier), Nimrod G. (Nimrod Glacier), Beardmore G.
(Beardmore Glacier), Echelmeyer I. S. (Echelmeyer Ice Stream), MacAyeal |. S. (MacAyeal Ice Stream), Bindschalder I. S. (Bindschalder Ice Stream),
Kamb I. S. (Kamb Ice Stream), Whillam I. S. (Whillam Ice Stream), Mercer I. S. (Mercer Ice Stream), DT (Drygalski Trough), JB (Joides Basin), JT (Joides
Trough), GCB (Glomar Challenger Basin), PT (Pennell Trough), WD (Whales Deep), LAB (Little American Basin), ASC (Antarctic Slope Current), CoC
(Antarctic Coastal Current), RG (Ross Gyre), ACC (Antarctic Circumpolar Current), MCDW (Modified Circumpolar Deep Water), SSI (Summer Sea Ice
limit). It should be noted that the Ross Sea is divided into three areas: ERS (eastern Ross Sea), WRS (western Ross Sea), and CRS (central Ross Sea).
CRS specifically refers to the area around the PT. ERS and WRS correspond to the eastern and western regions of the PT, respectively, in this study.
The oceanic current system is based on Smith et al. (2014). The position of the SSI is determined from modern observations (https://earthdata.nasa.

10.3389/fmars.2023.1324391

gov). The glacier distributions around the Ross Sea embayment are according to Drewry (1983). The map was generated using Ocean Data View
software (R. Schlitzer, 2014; https://odv.awi.de). The inset show the location of the study area in Antarctica. The black lines indicate catchment
divides. The blue lines represent glacier flow directions. (B) Generalized geologic map illustrating the major bedrock groups in the Ross Sea
Embayment, including the Transantarctic Mountains, Victoria Land, and Western Marie Byrd Land. The approximate locations of glaciers and ice
streams mentioned in the text are shown as dashed black lines. WA represents West Antarctica, EA represents East Antarctica, and RISP represents
core sites of the Ross Ice Shelf Drilling Project. The figure is modified after Licht et al. (2005).

oriented trough-ridge systems that traverse the continental shelf

and deep-water basins in front of the RIS.

In the Ross Sea region, the oceanic circulation system comprises
four distinct branches (Figure 1A; Smith et al., 2014). The
westward-propagating Antarctic Coastal/Slope Currents, under
the influence of easterly winds, transport frigid water masses from
the eastern sector into the embayment. Adjacent to these currents
lies the cyclonic Ross Gyre, a result of shear stress induced by the
Easterly and Westerly Winds. Further offshore, the Antarctic
Circumpolar Current flows eastward driven by the Westerly Winds.

Sea ice predominates over the entire Ross Sea region during the
austral winter, gradually retreating in the austral spring (https://
www.earthdata.nasa.gov). Nevertheless, only the Western Ross
Shelf (WRS) experiences complete sea ice melt in the austral

summer. Katabatic winds prevail along the southwestern coast of

the Ross Sea throughout the winter season, propelling newly formed
sea ice towards the north (Mezgec et al., 2017). Consequently, a
succession of polynya, encompassing the McMurdo Sound Polynya,
Ross Polynya, and Terra Nova Bay Polynya, emerge along the
southwestern coast and endure until thawing of the sea ice during
the austral spring (Mezgec et al., 2017).

The lithologies of bedrocks surrounding the Ross Sea have been
inferred based on scattered outcrops (Figure 1B). The study area
encompasses a diverse range of rock units, representing seven
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primary rock groups spanning from the Precambrian to the
Quaternary, as illustrated in Figure 1B. The Nimrod Group,
originating from the Archean and Early Proterozoic era,
constitutes a heterogeneous metamorphic complex comprising
both mafic and felsic rock types (Goodge and Fanning, 1999).
Overlying the Nimrod Group is the Beardmore Group,
predominantly consisting of metasedimentary rocks of upper
Precambrian ages (Goodge et al, 2002). The Byrd Group is
situated above the Beardmore Group, composed of sedimentary
and metasedimentary rocks of Cambrian ages (Myrow et al., 2002).
The Beacon Supergroup overlies the Byrd Group and is primarily
comprised of sedimentary rocks with ages from the Devonian to the
Middle Triassic (Barrett, 1991). The Ferrar Group lies above the
Beacon Supergroup, primarily composed of mafic igneous rocks.
Lastly, the McMurdo Volcanic Group is situated above the Ferrar
Group and is associated with a diverse array of Cenozoic extrusive
rock types, including rhyolites and basalts (Kyle, 1990).

3 Materials

This study utilize 42 surface sediment samples obtained from
the Ross Sea continental shelf in 2014-2019 on R/V Xuelong during
the 31°-35" Chinese Antarctic Research Expedition. Various
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TABLE 1 Information of the Ross Sea surface sediment samples used in this study.

Sector longitude latitude Sampling device Water Depth (m)
ANT3IRI8 163°45.900'E 74°54.780'S BC 46.0
ANT31R14 164°48'17"E 74°56'06"S BC 901.1
ANT31R08 165°0'43"E 75°0'11"S BC 691.8
ANT33I5 165°2'53"E 75°5'13S BC 1174.0
ANT31R02 165°7'59"E 74°47'6"S BC 719.2
ANT31JBO1 165°34'10"E 77°35'18"S BC 774.0

ANT33A1-20 165°53'6"E 77°39'58"S BC 590.1
ANT31R09 165°59'53"E 75%0'12"S BC 1032.1
ANT31R20 166°50'52"E 75°30'16"S MC 425.6
ANT31R16 166°59'50"E 75°15'15"S MC 486.7
ANT31R10 167°00'07"E 74°59'68"S BC 636.0

ANT33A1-18 167°43'26"E 76°25'16"S BC 742.8
ANT31R05 167°46'39"E 74°46'36"S BC 585.6
ANT3IRI1 167°48'20"E 74°56'57"S BC 449.4

WRS
ANT31R17 167°54'33"E 75°13'49"S BC 374.4

ANT35R1-03 168°21'28"E 74°59'43"S BC 348.6

ANT32RB15C 168°47'19"E 77°12'7"S GC 939.8

ANT33A1-17 169°23'46"E 76°38'10"S BC 604.5

ANT33A2-02 170°7'5"E 74°12'22"$ BC 654.0
ANT3IRI19 170°23'40"E 72°15'16"S BC 5163
ANT33A2-03 170°58'44"E 73°42'4"S BC 588.0
ANT31JB04 172°22'21"E 75°18'04"S BC 510.8
ANT33A2-05 172°26'13"E 72°36'18"S BC 546.2
ANT31JB05 173°11'17"E 74°45'19"S BC 496.8
ANT31JB06 173°54'24"E 74°28'22"$ GC 567.5

ANT32RB11B 174°35'59"E 77°16'10"S BC 4949
ANT33A1-15 174°57'50"E 77°7'37"S BC 399.9

ANT32RB16B 175°07'18"E 74°30'49"S BC 478.0

ANT32RB08B 179°51'09"E 77°18'32"S BC 669.7

ANT32RB07B 178°54'01"W 77°02'59"S BC 6283

ANT32RB06B 178°14'25"W 76°42'48"S BC 619.0

CRS ANT33A1-13 178°1'16"W 77°32'42"S BC 663.8

ANT32RB05B 177°43'10"W 76°24'19"S BC 606.0

ANT32RB03B 176°52'11"W 75°44'48"S BC 610.0

ANT32RB02B 176°29'9"W 75°25'24"S BC 574.0
ANT33A1-11 173°47'17"W 77°49'34"S BC 530.4
ANT33A1-10 171°22'23"W 77°58'5"S BC 5149

ERS

ANT33A1-09 168°57'7"W 78°5'2"S BC 586.0

ANT33A1-08 165°47'17"W 78°10'19"S BC 497.6
(Continued)
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TABLE 1 Continued

10.3389/fmars.2023.1324391

Sector Sample longitude latitude Sampling device Water Depth (m)
ANT33RS78 163°40'1"W 78°4138"S ‘ BC ‘ 3311
ANT33A1-07 163°2/20"W 78°10'5”S ‘ BC ‘ 678.8
ANT33A1-05 162°40"41"W 77°2346"S ‘ BC ‘ 658.3

WRS, Western Ross Sea; CRS, Central Ross Sea; ERS, Eastern Ross Sea; BC, Box corer; MC, Multt-corer; GC, Gravity corer.

sampling techniques, including box corers, multi-corers, and
gravity corers were employed to collect these sediments. The
samples were the top 0-2 cm from the collected sediments in
most cases, with a few exceptions where depths reached 0-5 cm.
The sampling locations cover the entire continental shelf, with a
focus on the basin and trough area and water depths ranging from
46 to 1174 m (Figure 1; Table 1). The sediment color changes
between greenish grey and greyish black, and their composition
varies from clayey silt to gravel sands. Biogenic silica is common in
most of the sediments in the form of diatoms, sponge spicules, and
radiolarians, while carbonates were detected in only a few samples
and comprise <10 wt.%.

4 Methods

To carry out this study, we employed various experimental
techniques, including measurements of the grain-size distribution,
clay mineralogy and abundance and lithology of the coarse fraction
of the sediments.

To analyze the sediment grain-size, a series of treatments were
carried out. Specifically, 0.13-0.22 g of dry bulk sediment underwent
sequential treatments starting with 10% H,O,, followed by 1.0 N
HCI and finally 2.0 N Na,COs3, to successively eliminate organic
carbon, carbonates, and biogenic silica. The samples were then
dispersed using an ultrasonic bath for 2 minutes following
immersion in 25 mL of distilled water. The grain-size
measurements were performed using a Laser particle sizer
(Malvern Mastersizer 3000), which can analyze grain-sizes
ranging from 0.1 pm to 3,500 pm, satisfying our test demand.
Duplicate measurements of 10 randomly selected samples showed
that reproducibility was better than 5%. This experiment was done
at Laboratory for Coastal Ocean Variation and Disaster Prediction,
College of Ocean and Meteorology, Guangdong Ocean University.

End Member Modeling Algorithm (EMMA) was employed to
deconstruct the grain-size distribution data set. EMMA is designed
as an inversion algorithm which posits the input grain-size
distributions as combinations of a finite number of end-members
(EMs) that possess realistic compositions (Weltje, 1997). Extensive
studies have demonstrated the effectiveness of this algorithm in
analyzing grain-size distributions across diverse environmental
contexts (Prins and Weltje, 1999; Jonkers et al., 2015; Wu
et al., 2018).

The fraction with a size smaller than 2 wm was utilized for the
analysis of clay minerals, after the removal of carbonates through
treatment with 0.5 N HCI (e.g., Wu L. et al., 2021). Analysis was
conducted using a PANalytical X’Pert PRO diffractometer equipped
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with a Ni filter and CuKa radiation at an intensity of 40 mA and
voltage of 45 kV. Oriented mounts were prepared for three XRD
runs including one following air-drying, one after saturation with
ethylene-glycol for 1 day, and one after heating at approximately
490°C for around 120 minutes. Multiple X-ray diffractograms
obtained under the above mentioned measurement conditions
were compared to identify and interpret clay minerals species
(Liu et al,, 2003). Peak parameters were semi-quantitatively
calculated using the MacDiff software (Petschick, 2000) based on
the glycolated curve. The relative abundance of each clay mineral
species was primarily estimated by analyzing the area of the (001)
series of basal reflections (Holtzapffel, 1985). The distinction
between chlorite and kaolinite was made using a peak area ratio
at 3.54 A and 3.57 A (Holtzapffel, 1985).

The coarse fraction was determined using the procedures
outlined by Wang et al. (2013). In brief, approximately 10-15g of
dry sediment samples were submerged in deionized water for a
period of 2 days. If needed, H,O, was added to facilitate the
disaggregation of the sediment. Subsequently, the sediment was
rinsed with clean water through a 63 um mesh, and the residue with
particle size >63 m was subjected to drying at 55°C. The dried
residue was then sieved through a 250 um mesh. The weight
percentage of the >250 um fraction was calculated based on the
weight of the original dry sediment.

The lithology of the coarse fraction grains was determined and
quantified using a binocular microscope for all samples, focusing on the
fraction with a size greater than 250 um (Wang et al., 2013). In cases
where grains larger than 250 um were scarce, the fraction >154 um was
utilized. A total of more than 400 non-biogenic grains were counted for
each sample. Within the coarse fraction, we identified and counted
various types of grains, including angular quartz, rounded quartz,
plagioclase, K-feldspar, sedimentary rocks, garnet, chert, mafic igneous
rocks, mica, hornblende, metamorphic rock, deformed silt, and
volcanic ash. Additionally, any encountered lithic grains with
unknown lithology were also included in the count, although this
specific data is not presented here.

The clay mineralogy and coarse fraction abundance and
lithology identification experiments were done at State Key
Laboratory for Marine Geology, Tongji University.

5 Results
5.1 Grain-size
The studied sediments consist of clay (5%-30%), silt (30%-82%),

and sand (0%-62%), with a mean grain-size ranging from 12 pm to
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Results of end-member modeling for the grain-size dataset of the studied sediments. (A) Grain-size distributions of the studied sediments.
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143 um. The grain-size distribution patterns of the samples are
highly variable, without any universal grain-size mode (Figure 2A).
The EMMA analysis was performed to identify the primary factors
governing the grain-size distributions of the sediments. Figures 2B,
C present the coefficients of determination (R”) plotted versus the
grain-size and number of end-members, respectively. As the
number of end-members increases, the mean R® (R%,can) also
increases (Figure 2C). Amongst the two and three end-member
models (R?,an=0.59 and RZ,..,=0.84, respectively), lower R?
(<0.6) was observed for the grain-size intervals <2 um, 30-60 pm,
and >200 um (Figure 2B). The four-end-member model
(R?1ean=0.9), however, displayed lower R? only for the grain-size
interval >500 wm. Models containing six or more end-members are
better suited to reproduce this coarse fraction. However, for
determining the appropriate number of end-members, the coarse
end (>500 um) could be disregarded, as it consists of only a small
volume fraction (<2 vol.%) of the samples (Figure 2A; e.g., Stuut
et al., 2002), and measurement precision for laser particle sizing in
the coarse end is inferior to that of the fine fraction (Jonkers et al.,
2015). On the contrary, the mixing model should effectively
reproduce the grain-size range between 2 and 500 pm, as it
constitutes the majority of the sediment mass (Figure 2A). Thus,
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the four-end-member model represents the best compromise
between R* and the number of end-members.

Figure 2D shows the grain-size distributions of the four end-
members derived from the Four-EM model. EM1 is characterized
by a flat two-modal pattern, with modal sizes at 200 im and 15 pm,
respectively. It has the poorest sorting (2.16). EM2 to EM4 are uni-
modal. EM2 has a modal size at 150 um, and has the best sorting
(0.77). EM3 and EM4 peak at 30 um and 8 pum, with moderate
sorting of 1.38 and 1.42, respectively.

The spatial distributions of the four end-members are
illustrated in Figure 3. A greater abundance of EM1 (>0.4) is
primarily found in the outer shelf region, particularly near the
northernmost coast of Victoria Land and the coast of Marie Byrd
Land in the WRS and ERS, respectively (Figure 3A). Higher EM2
proportions (>0.2) is predominantly present in the outer shelf of the
WRS, extending to some extent in the McMurdo Sound and near
the Drygalski Ice Tongue, while being scarce near Marie Byrd Land
(Figure 3B). The relatively high concentration of EM3 (>0.3) is
exclusively observed in the WRS (<180°E), specifically in the Joides
Basin, Drygalski Trough, and Joides Trough (Figure 3C). Higher
proportions of EM4 proportions (>0.3) is mainly distributed in the
central and eastern regions of the inner continental shelf area,
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encompassing Whales Deep and Little American Basin located in
front of the RIS (Figure 3D).

5.2 Clay mineralogy

The clay minerals in the investigated sediments are mainly
composed of illite (15%-73%), smectite (5%-64%), chlorite (9%-
36%), and trace amount of kaolinite (0-23%). Illite and smectite are
the most abundant species in the study area, and their spatial
distribution patterns exhibit an interesting contrast (Figure 4). Illite
content is relatively higher in the WRS (Figure 4A), whereas
smectite content shows a relatively higher concentration mainly
in the ERS (Figure 4B). The spatial distribution pattern of chlorite
follows a similar trend to that of illite (Figure 4C), while that of
kaolinite mirrors that of smectite (Figure 4D).

5.3 Coarse fraction

The abundance of the coarse fraction (>250 pum) obtained through
sieving ranges from 0 to 85 wt.% with an average of 17 wt.%. Higher
contents are predominantly found in the outer shelf and along the coast
of the WRS, while lower contents are observed in front of the RIS, as
well as in the Joides Basin and Joides Trough (Figure 5A). The major
constituents of the coarse fraction, with a mean content exceeding 10%,
include angular quartz, rounded quartz, mafic rocks, and deformed silt
(Figure 6A). In order to elucidate the primary factors influencing the
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spatial distribution of the coarse fraction, a Q-mode Factor Analysis
(Klovan and Miesch, 1976) was performed on the dataset representing
the lithological composition of the coarse fraction. The analysis yielded
a three-Factor model that accounts for over 93% of the data variance
(Figure 6B). Each of these three Factors possesses eigenvalues greater
than 1, indicating that they explain more variance than any individual
raw variable in the dataset (Wu et al, 2019). These three Factors
consistently emerge across multiple runs of the Factor Analysis
algorithms utilizing different Factor extraction methods. In contrast,
the fourth Factor displays instability, with changing factor loadings and
scores during these runs. Furthermore, inclusion of the fourth Factor
does not significantly enhance the explained variance (Figure 6B), but
may introduce additional errors in the results (e.g., Weltje, 1997).
Therefore, the three-Factor model represents the optimal compromise
between the explained variance and the factor number.

The three identified Factors account for 76.14%, 12.17%, and
5.49% of the data variance, respectively (Figure 6B). Factor 1 is
characterized by high loadings of angular quartz and rounded quartz
(Figure 6C). Factor 2 displays significant loadings on mafic igneous
rocks (Figure 6C). Factor 3 is associated with deformed silt (Figure 6C).
With regards to their spatial distribution, higher scores of Factor 1
(>0.9) are mainly observed in the ERS and Central Ross Sea (CRS),
extending to the central Victoria Land coast (Figure 5B). In contrast,
Factor 2 exhibits higher scores (>0.1) in both the WRS, particularly
near the McMurdo Sound and the northernmost part of Victoria Land,
and low scores (<0.1) in the CRS (Figure 5C). High scores of Factor 3
(>0.5) predominantly occur in the nearby region of the David Glacier-
Drygalski Ice Tongue system in the WRS (Figure 5D).
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Factor analyses of the >250 um fraction derived from wet sieving. (A) Summary of the lithologic composition of the >250 um fraction.

(B) Cumulative variance explained by increasing factors (2-10). (C) Distribution of factor loadings for the selected three-Factor model. AQz
represents angular quartz, RQz represents rounded quartz, MIR represents mafic igneous rock, Hb represents hornblende, Meta represents
metamorphic rock, SR represents sedimentary rock, DS represents deformed silt, and VS represents volcanic shards.

6 Discussion

6.1 Sediment delivery mode

6.1.1 Linking grain-size end-members to
sediment delivery modes

End-members of sediment grain-size obtained from EMMA
analyses have been frequently associated with sediment transport
and/or deposition mechanisms in various environmental settings.
Previous studies suggest that in the Southern Ocean, oceanic
currents, icebergs, sea ice and wind could be potential media
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that deliver terrestrial sediments to the seas (Pudsey, 1992; Gilbert
et al.,, 1998; McCave et al., 2014; Wu et al., 2018; Wu S. et al,,
2021). Sea ice, however, forms in deep water continental shelf
(~500 m) in Ross Sea, with little sediment encased. Earlier studies
indicate that the WRS coast could be a possible source area for
wind-blown dust (Delmonte et al., 2010). Nonetheless, none of the
four end-members displays a spatial distribution pattern
decreasing seaward from the WRS coast, excluding wind-blown
dust as a major contributor to the sediments. Therefore, we
associate the grain-size end-members with sediment delivery
primarily by icebergs and bottom currents.
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In polar oceans, icebergs can carry sediments with a broad range
of grain-size compositions. Therefore, the grain-size distribution of
IRD is typically described as poorly sorted, even though coarse
sediment fractions such as the >150 um and/or >250 um fractions
from polar oceans are often considered as IRD. This is because
sediment of such diameters cannot be moved and sorted by typical
oceanic currents (Lamy et al., 2015; Wu et al.,, 2020). The grain-size
distribution of EM1 (Figure 2D) displays poor sorting and bears a
resemblance to the previously published grain-size distribution of
IRD (Prins et al., 2002; Wu et al., 2018). Moreover, there is a robust
correlation between EM1 and the >250 um component obtained
from wet sieving (R=0.63, p<0.01). We thus interpret EM1 as IRD.

EM2 has the best sorting and a relatively coarse mean grain-size
(Figure 2D). This grain-size distribution is likely produced by
strong current winnowing (e.g., Abuodha, 2003). However, there
is a weak positive correlation between EM2 and the sorting
parameter of the <150 pum fraction (r=0.31, n = 41), implying
that higher EM2 content does not correspond to better sorting of
the finer fraction of the sediments. Modern observations indicate
that the bottom current velocity of the Ross Sea continental shelf
generally remains below 15 cm/s (Jacobs et al., 1970), which is
insufficient to transport particles >63 um (McCave and Hall, 2006).
Thus, the good sorting of the relatively coarse EM2 cannot be
interpreted as bottom current winnowing lags. Instead, previous
studies have identified well-sorted IRD in other ocean areas (Prins
et al,, 2002; Wang et al., 2023). It is postulated that this IRD may
originate from the transport of icebergs in regions with intense
hydrodynamics, such as coastal sand beaches (Prins et al., 2002;

10.3389/fmars.2023.1324391

Wang et al., 2023). In such environments, the sediment itself is
sorted well before being entrained in icebergs. Indeed, paleo-
beaches forming during Middle Holocene Climate Optimum have
been frequently found situating above the modern sea level along
the western coast of Ross Sea (Colhoun et al., 1992). EM2 is thus
interpreted as IRD delivered by icebergs derived from coastal
beaches in the Western coast of Ross Sea.

The grain-size distributions of EM3 and EM4 exhibit significant
overlap with the sortable silt interval (10-63 pm) (Figure 2D). This
indicates that they can be transported and/or altered by bottom
currents in deep-sea environments (McCave and Hall, 2006;
McCave et al, 2017). The presence of a larger modal grain-size
combined with relatively better sorting suggests that EM3 would
likely accumulate in an environment with stronger bottom currents.
Conversely, the finer grain-size and slightly poorer sorting of EM4
are indicative of deposition in an environment with weaker
hydrodynamics (Jonkers et al., 2015; Wu et al., 2018).

6.1.2 Delivery of IRD

The Ross Sea region has been identified as a significant source of
icebergs in the Southern Ocean, and extensive presence of icebergs
has been observed in this area (Turnbull, 2006). Indeed, the
contents of EM1, EM2 and the wet sieving-based >250 um
fraction in most samples are above zero, suggesting widespread
iceberg unloading throughout the sampling area. Iceberg unloading
is primarily associated with dynamics of the ice shelf/glacier that
produces the iceberg, but might be further influenced by a range of
factors such as the sea water temperatures, ocean current pathways,
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debris type and amount in icebergs, distance from iceberg sources,
and geomorphology of the seafloor (Teitler et al., 2010; Cook et al.,
2013; Cook et al., 2014; Weber et al., 2014; Wu L. et al,, 2021).
Antarctic ice shelves as large as the RIS, are typically devoid of
basal debris as most of the debris have been unloaded near their
grounding zone prior to calving (Patterson et al., 2014; Smith et al.,
2019). This accounts for the extremely low content of IRD
immediately in front of the RIS to the east of 178°E (Figures 5A,
7A). The presence of the RIS provides protection against wave and
tidal action, whereas the ice shelf-free coastlines of the WRS have
experienced intense wave, tide, and storm activity since the Mid-
Late Holocene, after the retreat of the RIS to its current position
(McKay et al., 2008), favoring the development of beaches (e.g.,
Colhoun et al., 1992). We noted that the maximum value of EM2

10.3389/fmars.2023.1324391

decreased significantly with increasing longitude (Figure 8B),
suggesting that EM2 originated from the ice shelf-free western
coast of Ross Sea (See Section 6.1.1). Conversely, there was no
observable trend in the spatial distribution of EM1 or the wet
sieving-based >250 pum fraction across longitudes (Figures 8A, C),
in combination with the fact that EM1 and EM2 display dissimilar
grain-size distribution patterns (Figure 2D), suggesting that the
source regions of EM1 and EM?2 are distinct.

On the other hand, we observed a complex relationship between
IRD and water depth. When the water depth is below ~660 meters,
there is significant variation in the proportion of EMI and the weight
percent of the wet sieving-based >250 um fraction among different
stations, ranging from 0 to 72% and from 0 to 85 wt.%, respectively
(Figures 8G, I). However, when the water depth exceeds ~660 meters,
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this variation range abruptly narrows to between 0 and 30%, and
between 0 and 22 wt.%, respectively. Notably, there is no such
relationship between EM2 and water depth (Figure 8H).

The RIS has an average thickness approximately 600 meters
(McKay et al., 2018), implying that large icebergs calved from the
RIS are more likely to remain grounded for extended periods when
the water depth on the continental shelf is close to this value. This
may lead to extended unloading of basal and englacial detritus of
the icebergs there and even disturbance of previously deposited
sediments, as described by O'Brien and Leitchenkov (1997) for the
scenario in Prydz Bay, East Antarctica. In contrast, smaller icebergs
could unload their detritus at any water depth deeper than the
thickness of their marine portion. This mechanism could explain
the complex relationship between water depth and EM1 as well as
the >250 um fraction (Figures 8G, I). The presence of different
patterns between EM1 and water depth (Figure 8G), and between
EM2 and water depth (Figure 8H), thus may indicate that at least
part of EM1 was released from larger icebergs, while EM2 was
released from smaller ones.

Additionally, significant positive correlations were observed
between all the indicators of IRD and latitude (Figures 8D-F),
indicating a tendency for IRD deposition towards the outer shelf,
coinciding with the intrusion of MCDW onto the continental shelf
(Whitworth and Orsi, 2006). The warmer MCDW that enters the
Ross Sea compared to other water masses can enhance the basal
melting of icebergs, promoting the release of IRD. Consequently,
the overall increase in IRD towards the north suggests that
variations in sea water temperature, influenced by the intrusion of
MCDW, play a significant role in governing delivery of IRD onto
the Ross Sea continental shelf.

6.1.3 Bottom currents

The analysis of sediment grain-size offers valuable insights into
the dynamics of sediment transport. In the deep-sea setting, the
duration of sediment settling from the water column to the seafloor
is relatively brief in comparison to its residence time near the
sediment-water interface, particularly in areas characterized by low
sedimentation rates. Consequently, when establishing a connection
between sediment grain-size and ocean currents, the primary focus
lies on discerning variations in the intensity of bottom currents
(McCave and Hall, 2006; McCave and Andrews, 2019).

McCave and Hall (2006) proposed using the geometric mean
grain-size of the 10-63 pm fraction, which is known as the sortable
silt mean (SSM), as a proxy for changes in bottom current strength,
provided that it correlates well with the percentage of the sortable
silt (SS%). The presence of IRD in high-latitude oceans, however,
can complicate this relationship, particularly when bottom current
strength is weak (Jonkers et al., 2015; Stevenard et al., 2023). In such
cases, coarser components in IRD are not effectively sorted by the
bottom current, resulting in an increase in SSM with the addition of
coarse component content (Jonkers et al., 2015; Stevenard et al.,
2023). In our samples, we found a significant correlation between
SSM and SS% (Figures 7C, D, 9A), but an insignificant correlation
between SSM and the IRD end-member EM1 (Figure 9B).
Interestingly, there was a significant correlation between SSM and
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EM2 (Figure 9C), and the spatial distribution pattern of SSM
overlapped with that of EM2 as well (Figures 3B, 7C), leading to
suspicions that the SSM here could be used as a proxies for bottom
current strength change (Figure 2D). In view of this, we propose a
new index, EM3/(EM3+EM4) (Figure 7B), to evaluate the relative
change of local bottom current strength. This index utilizes
indicators that reflect transport by relatively strong and weak
bottom currents in EMMA end-members, which are unaffected
by IRD (e.g., Prins et al., 2002; Jonkers et al., 2015; Wu et al., 2018;
Wang et al., 2023).

The EM3/(EM3+EM4) ratio exhibits a significant correlation
with both SSM and SS% (Figures 9D, E). However, no significant
correlation was observed between the EM3/(EM3+EM4) ratio and
any IRD indicator (Figures 9F, G), and the spatial distribution of
EM3/(EM3+EM4) (Figure 7B) also differs from that of the IRD
indicators (Figures 3A, B). Moreover, a significant negative
correlation was found between the EM3/(EM3+EM4) ratio and
the sorting of the <100 pm fraction (Figure 9H). This suggests that
higher values of EM3/(EM3+EM4) correspond to better sorting of
the fine fractions (e.g., Passchier, 2011; Patterson et al., 2014; Wu L.
et al,, 2021), thus supporting its validity as an indicator for relative
changes of the bottom current strength in our study. Higher EM3/
(EM3+EM4) values indicate stronger bottom current activities, and
vice versa.

Spatially, elevated values of EM3/(EM3+EM4) are
predominantly observed in the WRS, particularly in the Joides
basin, Joides trough, and the northernmost region of Victoria Land
(Figure 7B). This spatial distribution indicates that these specific
areas underwent notable activities of relatively strong
bottom currents.

In the Southern Ocean, wind stress curl is a crucial factor
that influences the oceanic current activities across the water
column. Furthermore, the energy derived from the wind stress
curl is regulated by sea ice cover (e.g., Toggweiler et al., 2006;
McCave et al., 2014). However, we found no correlation between
the EM3/(EM3+EM4) ratio and water depth in our samples
(Figure 91). This suggests that the energy that prompts bottom
current activity does not originate from the sea surface.
Otherwise, shallower sampling stations would display higher
bottom current strength due to greater energy gain, resulting in a
higher EM3/(EM3+EM4) ratio. Therefore, we propose that
bottom current strength in our study is not related to wind
stress curl, and other factor(s) must be involved to explain its
spatial distribution and variability.

It is well know that the WRS serves as a significant source region
for the generation of Antarctic Bottom Water (AABW), accounting
approximately for 25% of its overall production (Orsi et al., 2002;
Orsi and Wiederwohl, 2009). Formation of AABW in the WRS is
closely linked to the rejection of brine resulting from sea ice
production within the polynya (Tamura et al., 2008; Gordon
et al,, 2015). The influx of warm and saline MCDW from the
WRS leads to raised salinity within the local water mass.
Concurrently, continuous sea ice formation in the polynya further
elevates the salinity of the expelled brine. As a result, highly saline
brine descends and accumulates in deep water basins on the
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continental shelf, giving rise to Dense Shelf Water (DSW).
Subsequently, the DSW moves northward through submarine
canyons and, driven by tidal activity, passes the sills on the outer
continental shelf. Eventually, it descends the continental slope,
thereby culminating in the formation of AABW (Tamura et al,
2008; Gordon et al., 2015).

Recent observations indicate that the Joides Basin and Joides
Trough in the WRS play a pivotal role in the northward advection
of DSW generated within the region. Conversely, the Glomar
Challenger Basin and areas east of Pennell Trough do not exhibit
the presence of this water mass (Gordon et al., 2015). Interestingly,
this spatial distribution pattern of DSW closely aligns with the
EM3/(EM3+EM4) ratio depicted in our findings (Figure 7B).
Hence, we deduce that the stronger activity of bottom currents in
the WRS is primarily governed by the formation and transport
of DSW.
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6.2 Sediment provenances

6.2.1 Clay minerals

Clay minerals in marine sediment serve as valuable indicators of
sediment origin due to their small grain-size, enabling easy
transportation and distribution through various media
(Hillenbrand et al., 2003; Liu et al., 2003; Liu et al., 2007). Illite
and chlorite are commonly found in high-latitudes of the Southern
Ocean as a result of physical weathering and glacial erosion of
basement rocks in Antarctica (Chamley, 1989; Ehrmann, 1991;
Ehrmann, 1998). Illite originates from acidic rocks including
granulites, gneisses, and granites. Chlorite is derived from igneous
and metamorphic rocks that contain chlorite (Chamley, 1989;
Hillenbrand et al., 2003). In contrast, smectite and kaolinite form
by chemical weathering. Smectite forms through hydrolysis in
environments with slow water movement and is often associated
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with volcanic regions in the Southern Ocean (Petschick et al., 1996).
Kaolinite develops through extensive hydrolysis of feldspars in
humid and warm environments (Chamley, 1989). The occurrence
of kaolinite around Antarctica is usually related to recycling of
ancient sediment (Junttila et al., 2005; Borchers et al., 2011).

To identify the source areas of the clay minerals in our samples,
we utilized S-IC-K and S-I-C ternary diagrams to analyze our
surface sediment data alongside a compilation of previously
published data (Figures 10A, B). In the S-IC-K diagram, we
observed that surface sediments from the WRS were closer to the
IC apex, while those from the Eastern and CRS were closer to the S
apex. All samples followed a line adjacent to the IC-S edge
(Figure 10A). In the I-S-C diagram, we found that the WRS
samples were nearer the I-C edge, while the ERS and CRS
samples were closer to the S vertex. Additionally, all samples fell
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along a line perpendicular to the I-C edge roughly in the middle of
the diagram (Figure 10B). These diagrams indicate that the studied
sediments were the result of binary mixing between two end-
members: an illite- and chlorite-rich end-member, and a
smectite-rich end-member. Notably, neither of the end-members
overlaps with the clay mineral composition of the surface sediments
from the continental shelf north of Marie Byrd Land (Figures 10A,
B), suggesting a minimal contribution from the Amundsen Sea via
the westward flowing Antarctic Coastal and Slope Currents.
Additionally, the contribution of the clay fraction by impinging
MCDW from the north could be ruled out as well since the outer
shelf samples are located between the two identified end-members
in the diagrams. Thus, we conclude that both the illite- and chlorite-
rich end-member and the smectite-rich end-member were
primarily originated from the Ross Sea Embayment itself, which
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is consistent with the results of Nd and Sr isotopic analyses
conducted on the clay-sized fractions of the surface sediments
within the investigated region by Shao et al. (2022).

The examination of Cenozoic sediment sequences from
McMurdo Sound, as documented in previous studies, reveals a
correlation between warmer climate conditions and higher
concentrations of illite and chlorite, while colder climate
conditions are associated with higher concentrations of smectite
(Figures 10A, B; Ehrmann et al.,, 2003). The illite and chlorite
components are believed to originate from the Beacon Supergroup
on the Southern Victoria Land coast, whereas the smectite
component is thought to derive from areas where the McMurdo
Volcanic Group outcrops. Our findings support an East Antarctic
craton origin for the significant abundance of illite and chlorite in
our samples from the WRS, particularly in close proximity to the
Southern Victoria Land (Figures 4A, C). However, the overall
declining trend of smectite from east to west (Figure 4B)
contradicts the notion of a potential origin from the McMurdo
Volcanic Group which is located in the WRS (Figure 1B). Instead,
it is more reasonable to interpret the spatial distribution of
smectite as originating from beneath the glaciers of West
Antarctica. This is supported by the presence of Cenozoic mafic
volcanic structures beneath the glacier systems that drain into the
Ross Sea from the WAIS (Behrendt et al., 1995; Behrendt et al,,
2004), as well as the elevated levels of smectite found in tills
derived from the Bindschadler Ice Stream and MachAyeal Ice
Stream (Figure 1A; Balshaw, 1981). Nevertheless, the sporadic
occurrence of high smectite levels in front of Ross Island and near
the northernmost coast of Victoria Land likely originates locally
due to their proximity to the McMurdo Volcanic Group
(Figure 1B). Our study thus highlights the need for caution
when considering the origin of smectite in sedimentary records
from the Ross Sea, given its potential multiple sources.

The consistency between kaolinite and smectite in terms of
spatial distributions in the ERS (Figures 4B, D) may suggest that
they were derived from spatially adjacent sources beneath the
WAIS. This is supported by the occurrence of kaolinite in
sediments from the Amundsen Sea continental shelf where clay
minerals were mainly derived from beneath the WAIS as well
(Hillenbrand et al., 2003), and the absence of kaolinite from
sedimentary records in the WRS (Figure 10A). The lower
kaolinite abundance in our samples compared to the sediments
from Amundsen Sea indicates less entrainment of ancient
chemically weathered sediments filled in the West Antarctica
basin (Rooney et al, 1988) by glaciers draining into Ross Sea
from the WAIS.

The congruity in spatial distributions between kaolinite and
smectite within the ERS (Figures 4B, D) implies that they were likely
originated from neighboring sources beneath the WAIS. This is
reinforced by the presence of kaolinite in sediments collected from
the Amundsen Sea continental shelf, where clay minerals are
predominantly derived from beneath the WAIS as well
(Hillenbrand et al., 2003), and the absence of kaolinite in
sedimentary records within the WRS (Figure 10A; Ehrmann
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et al., 2003). The lower abundance of kaolinite in our samples, in
comparison to the sediments from the Amundsen Sea, suggests a
reduced incorporation of ancient chemically weathered sediments,
which fill the basin of West Antarctica (Rooney et al., 1988), by
glaciers draining into the Ross Sea from the WAIS.

6.2.2 Coarse fractions

The region surrounding the Ross Sea is predominantly covered
by thick ice sheets, but exposed outcrops reveal the intricate
lithologies of the bedrock. The uneven distribution of rock
outcrops presents an opportunity to follow the origin of the
coarse-grained IRD through an analysis of its lithological
composition (Licht et al., 2005). Despite the intricate and diverse
composition within the coarse fraction, Factor Analyses indicate the
presence of only three primary components (Figure 6),
characterized by high levels of angular and rounded quartz, mafic
rock grains, and deformed silt, respectively. These components are
likely associated with three main sources that dominate the coarse
fraction, enabling the provenance analyses of the coarse fraction to
be simplified as based on them.

Factor 1, as evidenced by high loadings of both angular and
rounded quartz (Figure 6C), is likely derived from acidic source
rocks. In the Antarctic region, quartz is commonly enriched in the
IRD fractions compared to other minerals due to its high
mechanical hardness, rendering it resistant to breakage during
glacial grinding and retains a larger particle size (Wu et al., 2020).
Licht et al. (2005) observed that tills beneath the Kamb Ice Stream
and Whillans Ice Stream (Figure 1A) contained a high abundance of
both angular and rounded quartz but almost an absence of mafic
volcanic rocks, despite Cenezoic volcanoes being scattered beneath
these glaciers. Furthermore, quartz was the most abundant mineral
species in till samples across the ERS and CRS during the Last
glacial periods (Figures 10C, D), possibly eroded from the Granite
Harbor Intrusives, as well as the granodiorite and granite of Marie
Byrd Land (Figure 1B; Licht et al., 2005). In our samples, Factor 1 is
predominantly present in the ERS and CRS regions and extends to
the central Victoria Land coast. Additionally, in the Q-M-S and Q-
M-F diagrams, our ERS and CRS samples mostly occupy the
domains of the West Antarctic & ERS tills and the RISP (RIS
Drilling Project; Licht et al., 2005) tills, supporting that the quartz-
enriched Factor 1 represents a source of icebergs originating from
West Antarctica.

Factor 2, characterized by a significant presence of mafic
igneous rock grains, is likely indicative of materials primarily
derived from a basic volcanic region. Tills in East Antarctica
exhibit varying lithologies in comparison to those in West
Antarctica (Figures 10C, D), reflecting the diverse composition of
bedrock throughout the Transantarctic Mountains (Figure 1B).
However, a substantial mafic component is consistently found in
most East Antarctic tills, which is believed to originate from the
Ferrar Group (Licht et al.,, 2005). In the Q-M-F ternary diagram, our
samples from the WRS align well with the East Antarctic & WRS
tills (Figure 10D). In the Q-M-S diagram, however, these samples
disperse over a broader range than the East Antarctic & WRS tills
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(Figure 10C). Some WRS samples display higher quartz content
compared to the remaining samples from the WRS, and their
distribution tends to overlap with the West Antarctic & ERS tills,
indicating a mixture of materials transported by icebergs from both
West and East Antarctica. These particular samples are located
between 74°S and 75°S in the WRS (Figure 5B). In contrast, certain
WRS samples contain a significantly higher proportion of mafic
rock grains than the tills from East Antarctica and the WRS,
suggesting an additional source of mafic igneous rocks. These
samples are situated between 72°S and 73°S, as well as between
76°S and 78°S (Figure 5C), close to areas where the McMurdo
Volcanic Group is exposed (Figure 1). This suggests that the
McMurdo Volcanic Group may contribute significantly to the
modern IRD found in the WRS.

The moderate scores (0.1-0.2) observed in Factor 2 within the ERS
area likely correspond to the presence of Cenozoic mafic volcanic
structures underlying the glacier systems that drain into the Ross Sea
from the WAIS. However, an apparent discrepancy arises when
considering that there is a high abundance of smectite in the clay
fraction but a disproportionately low amount of mafic rock grains in
the ERS. It has been proposed by Behrendt et al. (1995); Behrendt et al.
(2004) that (ancient) glacial erosion likely planed off the mafic volcanic
structures in West Antarctica before the development of the current ice
streams. Rooney et al. (1988) suggest that the West Antarctic basin,
which lies beneath the WAIS, is filled with glacial and marine
sediments up to a kilometer thick, masking the volcanic structures.
Consequently, the coarse mafic rock grains may be more commonly
found in older successions beneath West Antarctica (Licht et al., 2005),
making it less accessible to the present glaciers.

Factor 3 exhibits a prominent abundance of deformed silt,
which comprises coarse-grained materials that form during the
stabilization of a glacier at its grounding zone (Cowan et al., 2012).
The prevalence of these materials within the sediment indicates the
proximity of the sediment location to a glacier grounding zone
(Cowan et al.,, 2012). Geospatially, the highest score in Factor 3 is
primarily observed in the David Glacier-Drygalski Ice Tongue (DG-
DIT) area, providing strong evidence for its derivation from
beneath this specific glacier system.

The DG-DIT system represents the largest outlet glacier within
the Victoria Land section of the EAIS (Frezzotti and Mabin, 1994).
Over the past century, this system has undergone numerous calving
events (Frezzotti and Mabin, 1994). Consequently, as glaciers
detach from this ice tongue, they have a propensity to incorporate
deformed silt as basal debris and subsequently disperse it along their
drifting trajectories.

To summarize, the clay minerals and coarse fraction (IRD)
found in the surface sediments of Ross Sea were sourced from both
the West Antarctica and East Antarctica. Provenance analysis
exhibits a complementary spatial distribution pattern for these
two sediment components. Considering that approximately 50%
of the mass loss of the Antarctic Ice Sheet is through iceberg calving
(Depoorter et al,, 2013), these findings collectively indicate that
both the WAIS and the EAIS, which discharge into the Ross Sea
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Embayment, have maintained a high level of dynamism under the
modern climatic conditions.

7 Conclusions and summary

In this investigation, we carried out a series of measurements
and analysis on sediment samples collected from the Ross Sea
continental shelf to examine the provenance and delivery mode of
sediments in the modern Ross Sea environment. We focused on
grain-size distribution, lithology of the coarse fraction (>250 um),
and clay mineral composition. Based on our findings, we have made
the following main conclusions:

(1) The grain-size distributions of the studied sediments
display significant variations. Through EMMA analysis,
we identified four distinct sediment types associated with
different delivery mechanisms: poorly sorted IRD, well-
sorted IRD, and sediments transported by relatively strong
and weak bottom currents.

(2) The transport and deposition of IRD in Ross Sea are
influenced by factors such as water depth, proximity to
the iceberg source area, and seawater temperature resulting
from MCDW intrusion. Well-sorted IRD (EM2) originates
from sandy beaches in the WRS and is delivered by
relatively small icebergs, whereas at least some of the
poorly sorted IRD (EM1) originates from large icebergs
calved from the RIS.

(3) The EMMA-derived index EM3/(EM3+EM4) reflects
relative changes in bottom current strength in the
investigated area. It reveals that the WRS experiences
stronger bottom current activity compared to the ERS,
particularly in the Joides Basin, Joides Trough, and near
the northernmost Victoria Land. These findings reflect
formation and northward transport of DSW.

(4) The studied sediments contain a high proportion of illite
and smectite, a moderate level of chlorite, and a small
quantity of kaolinite. These clay minerals primarily
originate from the Ross Sea Embayment itself through a
binary mixing process. Illite and chlorite predominantly
came from the East Antarctic craton, whereas smectite and
kaolinite were mainly originated from beneath the WAIS.
Additionally, smectite can also be contributed by the
McMurdo Volcanic Group.

(5) Factor Analysis on the lithology of the coarse fraction
identified three major sources characterized by a high
abundance of quartz-rich grains, mafic igneous rock-rich
grains, and deformed silt, respectively. The quartz-rich and
mafic igneous rock-rich components are predominantly
distributed in the ERS and WRS, originating from West
Antarctica and East Antarctica, respectively. The deformed
silt is mainly found near the David Glacier-Dragalski Ice
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Tongue system, highlighting the dynamic nature of
this system.

In summary, our findings support the notion that the WRS
plays a crucial role as a source area for the formation of AABW.
Moreover, our study reveals the dynamic nature of the glaciers
draining into the Ross Sea from both the EAIS and WAIS,
underscoring their potential contribution to future sea level rise
under ongoing climate warming conditions.
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The strong CO, sink in Arctic Ocean plays a significant role in the global carbon
budget. As a high-latitude oceanic ecosystem, the features of sea surface pCO, and
air-sea CO, flux are significantly influenced by sea ice melt; however, our
understanding of pCO, evolution during sea ice melt remains limited. In this
study, we investigate the dynamics of pCO, during the progression of sea ice
melt in the western Arctic Ocean based on data from two cruises conducted in
2010 and 2012. Our findings reveal substantial spatiotemporal variability in surface
pCO, on the Chukchi Sea shelf and Canada Basin, with a boundary along the shelf
breaks at depths of 250-500 m isobaths. On the Chukchi Sea shelf, strong
biological consumption dominates pCO, variability. Moreover, in Canada Basin,
the pCO, dynamics are modulated by various processes. During the active sea ice
melt stage before sea ice concentration decreases to 15%, biological production
through photosynthetic processes and dilution of ice melt water lead to a reduction
in DIC concentration and subsequent decline in pCO,. Further, these effects are
counteracted by the air-sea CO, exchange at the sea surface which tends to
increase seawater DIC and subsequently elevate surface pCO,. Compared to the
pCO, reduction resulting from biological production and dilution effects, the
contribution of air-sea CO, exchange is significantly lower. The combined effects
of these factors have a significant impact on reducing pCO, during this stage.
Conversely, during the post sea ice melt stage, an increase in pCO, resulting from
high temperatures and air-sea CO, exchange outweighs its decrease caused by
biological production. Their combined effects result in a prevailing increase in sea
surface pCO,. We argue that enhanced air-sea CO, uptake under high wind speeds
also contributes to the high sea surface pCO, observed in 2012, during both active
sea ice melt stage and post sea ice melt stage. The present study reports, for the
first time, the carbonate dynamics and pCO, controlling processes during the
active sea ice melt stage. These findings have implications for accurate estimation
of air-sea CO5 fluxes and improved modeling simulations within the Arctic Ocean.
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Highlights

* The decrease in DIC resulting from biological production
and dilution of ice melt water tends to reduce pCO, during
the active sea ice melt stage in Canada Basin, although it is
counteracted by CO, uptake at the air-sea interface.

* The increase in pCO, resulting from high temperatures and
air-sea CO, exchange outweighs its decrease caused by
biological production, leading to elevated sea surface
pCO, during the post sea ice melt stage in Canada Basin.

* The enhanced air-sea CO, uptake under high wind speeds
also contributes to the high sea surface pCO, observed in
2012, during both active sea ice melt stage and post sea ice
melt stage.

1 Introduction

Since the beginning of the first industrial revolution,
anthropogenic activities have resulted in substantial carbon
emissions into the atmosphere. Consequently, atmospheric
carbon dioxide (CO,) levels have continuous risen from 280
ppm in 1850 to 417 ppm in 2022. However, this increase
accounts for only 49% of total carbon emissions, and 29% of
emitted CO, has been absorbed by surface ocean (Friedlingstein
et al., 2022). Due to the high solubility of CO, in low-temperature
waters, the Arctic Ocean and its adjacent marginal seas serve as a
significant CO, sink (Anderson and Kaltin, 2016; Yasunaka et al.,
2018). Observations and model simulations have indicated that the
Arctic Ocean absorbs 58-180 Tg C per year, accounting for 2%-7%
of the global oceanic carbon sink (Manizza et al., 2013; Yasunaka
et al., 2016; Mortenson et al., 2020). In recent decades, rapid and
diverse changes, for example the increased seawater temperature,
ice sheet melt, and an extended ice-free period, have occurred in
Arctic ecosystems (Screen and Simmonds, 2010; Shepherd et al.,
2012; Jeong et al., 2018). These changes exert a significant influence
on sea surface pCO, and air-sea CO, fluxes. For instance, in the
context of global warming, the Chukchi Sea has transitioned from
being perennially covered by ice to becoming seasonally ice-free
during the past two decades, and the summer CO, uptake has
significantly increased by 1.4 + 0.6 Tg C per decade (Ouyang
et al.,, 2022).

Different from observations made in low/middle latitudinal
marginal seas and open oceans, the features of sea surface pCO,
and air-sea CO, flux in Arctic Ocean are significantly influenced
by the presence of sea ice (Bates et al., 2011; Qi et al., 2020).
During cold seasons, despite the elevated pCO, values beneath the
sea ice, the air-sea CO, exchange is impeded by ice, resulting in
relatively low CO, fluxes (Schuster et al., 2013; Cross et al., 2014;
DeGrandpre et al, 2020). In contrast to observations in cold
seasons, the water column stratification ensues during warm

seasons when sea ice melts and freshwater input occurs. This
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leads to a decrease in pCO, values and consequently enhances the
CO, sink at the sea surface (Riedel et al., 2008). Moreover, the
mixing of ice melt water featured low pCO, values, CaCO;
dissolution, and photosynthesis during algal blooms would
further decrease pCO, values and facilitate CO, dissolving into
seawater (Fransson et al., 2009; Geilfus et al., 2012). However, this
pCO, drawdown would be counteracted by the increased sea
surface temperature and the strong CO, sink at the sea surface
(Burgers et al., 2017; Islam et al., 2017; Pipko et al., 2017). In the
seawater carbonate system, a frequent occurrence of high pCO, is
observed in accordance with elevated SST values due to its
decreased solubility at high temperatures (Wanninkhof et al,
2022). Additionally, the air-sea CO, exchange at the sea surface
tends to increase seawater DIC in the Arctic Ocean, subsequently
elevating seawater pCO, (Yang et al., 2023). Moreover, changes in
wind fields, such as high wind speeds (>10 m/s) and upwelling-
favorable wind, tend to upward transport the nutrient enriched
water to subsurface. This nutrient supply significantly increases
the net primary production (NPP), which consumes DIC and
decreases the sea surface pCO, (Xu et al., 2023).

As previously mentioned, the spatiotemporal variability of
hydrographic features and carbonate parameters during sea ice
melt is influenced by various processes; however, their
contributions to the dynamics of sea surface pCO, remain
unclear. Previous studies have reported the pCO, dynamics
during sea ice melt through model simulations and field
measurements (e.g., Nomura et al., 2010; Fransson et al, 2017;
DeGrandpre et al., 2020), but limited attention has been devoted to
its changes prior to the melting process (DeGrandpre et al.,, 2020).

The Arctic Ocean serves as a conduit for water exchange
between the Pacific and Atlantic oceans, and its biogeochemical
cycling is influenced by lateral inputs of nutrients from sources like
nutrient-rich inflows through the Barents Sea (North Atlantic) and
Chukchi Sea (North Pacific) (Schuster et al., 2013). Characterized
by intricate interactions and feedbacks among sea ice, ocean, and
atmosphere, the Arctic Ocean plays a crucial role in the global
climate system, (Bates et al., 2011). In the context of global
warming, there has been a significant decline in seasonal sea ice
extent in the Arctic Ocean over the past four decades, accompanied
by a more recent year-round decrease in sea ice extent, area, and
volume (Polyakov et al., 2020). For instance, arctic sea ice extent has
decreased at a rate of 13.1% per decade in September and 2.6% per
decade in March; furthermore, the annual mean thickness of sea ice
in the central Arctic Ocean reduced from 3.59 m to 1.25 m between
1975 and 2012 (Lindsay and Schweiger, 2015; Garcia-Soto et al.,
2021). The reduction of sea ice content would hinder dense water
formation while slowing down deep water circulation processes,
leading to diminished CO, sequestration capacity (Semiletov
et al., 2004).

In this study, we investigated the pCO, dynamics during two
cruises in the western Arctic Ocean using underway measurements
downloaded from an online database. Firstly, we identified the
dominant processes governing the variations in pCO, and
subsequently used a 1-D dynamic model to simulate pCO, values

frontiersin.org


https://doi.org/10.3389/fmars.2024.1307295
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Yang et al.

in the western Arctic Ocean during sea ice melt. Finally, we
quantified changes in pCO, between different stages of sea ice
melt and elucidated their underlying controlling mechanisms.

2 Data and methods
2.1 Study area

The Arctic Ocean is a distinct basin surrounded by vast
continental land masses. Based on hydrographic, topographic, and
ocean circulation characteristics, the Arctic Ocean can be classified
into various sub-regions such as the Norwegian Sea, Barents Sea,
East Siberian Sea, Chukchi Sea, Beaufort Sea and the Canada Basin
(Yasunaka et al., 2018). In this study, we divided the western Arctic
Ocean into three sub-regions, as (1) the nutrient-rich Chukchi Sea
shelf with a latitude range of 65-75°N; (2) the oligotrophic Canada
Basin separated from the Chukchi Shelf along the shelf breaks at
depths of 250-500 m isobaths; and (3) the Beaufort Sea separated
from both the Chukchi Sea and Canada Basin by boundaries defined
as longitude 152°W and latitude 72°N (Figure 1). Considering the
different sea ice concentration (SIC) values presented in Table 1, we
further divided the Canada Basin into two sub-regions, i.e. a sea ice
covered zone (>77°N) and a rapid sea ice melt zone (<77°N). In
Canada Basin, the water column can be categorized into five
primary water masses, namely Pacific Winter Water (PWW),
Alaska Coastal Water (ACW), Chukchi Summer Water (CSW),
Early-Season Melt Water (ESMW), and Late-Season Melt Water
(LSMW). During the warm seasons, ESMW and LSMW exert
significant influence on the characteristics of surface water,
confirming the impact of sea ice melt water (Qi et al., 2022a).

10.3389/fmars.2024.1307295

2.2 Data source

In this study, the in situ temperature, salinity, dissolved
inorganic carbon (DIC), total alkalinity (TA), air and seawater
pCO,; values in the western Arctic Ocean were obtained from the
Climate Variability and Predictability Experiment (CLIVAR)
database (https://www.ncei.noaa.gov/access/ocean-carbon-
acidification-data-system/oceans/RepeatSections/) (Figure 1). The
data were collected during the 4™ and 5™ Chinese National Arctic
Research Expedition (CHINARE) in 2010 and 2012, respectively.
Detailed sampling and analysis methods for these two cruises can be
found in Ouyang et al. (2020). Wind speed was obtained from JRA-
55 reanalysis dataset (http://search.diasjp.net/en/dataset/JRA55),
which has a spatial resolution of 0.5625° latitude/longitude and a
temporal resolution of 3 hours (Japan Meteorological Agency/
Japan, 2013). Near-surface winds were utilized to calculate the
high wind frequency (HWF), representing the percentage of time
when wind speed exceeds 10 m/s (Xu et al.,, 2023).

2.3 Air-sea CO, flux estimation

The net air-sea CO, flux (FCO,, mmol C m™ d!) is calculated
as (see Equation 1):

FCO, =k x a x (pCO,s — pCO,,) x (1 - SIC) (1)

where k represents the gas transfer velocity (m d™), a denotes
the solubility of CO, (mol kg atm™; Weiss, 1974); pCO,, and
pCO,, represent the partial pressure of CO, in seawater and
atmosphere, respectively, and their difference (defined as ApCO,)
determines the direction of CO, transfer; SIC is the sea ice
concentration with values ranging from 0 to 1. Please note that
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(A) and 2012 (B). Also shown are the boundary of different sub-regions following Ouyang et al. (2022): (1) Chukchi Sea shelf with latitude of 65-75°N,
as shown by the yellow line; (2) Canada Basin, separated from the Chukchi Shelf along the 250-500 m isobaths; (3) the Beaufort Sea, separated from
the Chukchi Sea and Canada Basin along 152°W and 72°N, respectively. Considering the different sea ice concentrations during warm seasons, we
further divided the Canada Basin into two sub-regions with a latitude of 80°N, i.e. the sea ice covered zone and the rapid sea ice melt zone (Ouyang

et al, 2022).
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TABLE 1 Summary of sea ice concentration (SIC), high wind frequency (HWF) and wind speed in different sub-regions.

Sub-regions Date Voyage SIC HWF Wind Speed
(ms™?
Chukchi Sea 20100720 Forward 0.063 0.081 5.81
20100829 Return 0.018 0 5.09
20120718 Forward 0.130 0.019 5.83
20120907 Return 0.019 0.168 7.44
Sea ice covered zone in Canada Basin 20100730-20100826 Forward and return 0.694 0 3.30
20120904 Forward and return 0.288 0.042 6.47
Sea ice melt zone in Canada Basin 20100724 Forward 0.524 0.114 5.11
20100826 Return 0.092 0.021 4.89
20120906 Return 0 0.194 7.23

Note HWF is high wind frequency (wind speed >10 m s™).

Please note that these average values were obtained from model simulation following methods described in Xu et al. (2023).

the SIC data utilized in this study were obtained from the NSIDC
(Nation Snow and Ice Data Center) database (https://nsidc.org/
data/nsidc-0079/versions/3).

The gas transfer velocity was calculated following Wanninkhof
(2014), as (see Equation 2):

k=0.251 x U;i* x (S¢/660)™> (2)

where Uy, represents wind speed at 10 m height. Sc corresponds
to Schmidt number for CO,, which was determined using equations
in Wanninkhof (2014).

2.4 Modeling the pCO, values with a 1-D
dynamic approach

In this study, a mass balance model was used to simulate the
pCO, dynamics during sea ice melt. For each simulation step (At, 1
day in this study), sea surface pCO, was calculated from TA and
DIC at the corresponding step. A change in DIC inventory for a
time step, At, in the surface mixed layer (defined as ADIC,) is
calculated as follows (see Equation 3):

ADICt = (FCOZt + NCPt) X At/(MLD X p) + ADIC(dﬂuted)t (3)

where FCO,, NCPy, and ADIC(gjjuted): indicate the changes in
DIC inventory (umol kg'l) induced by air-sea CO, flux (mmol C
m?2 d), net community production (NCP, mmol C m?d?), and
melt water dilution (ADIC giytedy» Mmol kg') at simulation time
step t, respectively. MLD (m) and p (set as 1.021x10° kg m™) are the
mixed layer depth and density of surface seawater.

During the model simulation, we assumed that the dilution of
ice melt water will change the concentrations of DIC and TA in the
seawater at a same rate, which has been previously proposed and
utilized by Qi et al. (2022b). In Arctic Ocean, the TA and DIC values
in surface water were set as 1959 umol kg™ and 1880 pmol kg™,
respectively, which were much higher than that in the ice melt water
end-member (TA=400 umol kg’l, DIC=450 pumol kg’l) (Yang et al.,
2023). The mixing of ice melt water have negligible influence on the
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TA/DIC ratio in surface water, which is close to 1:1. Therefore, any
changes in DIC induced by dilution (defined as ADICgijytedy) can
be quantified as follows (see Equation 4):

ADIC gitygedyt = (TAy, - TAt)/ TA, x DIC, (4)

where (TA,;-TA,)/TA, is the changing rate in TA during sea
ice melt. And DIC at time step t+1 is iteratively calculated as follows
(see Equation 5):

DIC,,, = DIC, + ADIC, (5)

Due to the dilution caused by ice melt water, TA in the seawater
decreased continuously from its initial values at a SIC of 95% to low
values at a SIC of 0% during the sea ice melt. Subsequently, TA
remained constant during the ice free period. With the new DIC
and TA for the next simulation step, a new pCO, is calculated, and
this simulation process repeats until the last day.

3 Results

3.1 Distributions of sea surface
temperature, salinity and pCO, in the
western Arctic Ocean

The surface distributions of temperature (SST), salinity (SSS), and
pCO, during both cruises are shown in Figure 2, which exhibited
significant spatial variability. In 2010, SST ranged from -2.0 to 8.0 °C,
exhibiting a latitudinal decreasing trend (Figure 2A). The Chukchi
Sea exhibited the highest SST values, followed by the rapid sea ice
melt zone and the sea ice covered zone in Canada Basin. This
distribution pattern aligns with previous studies conducted by Sun
et al. (2017) and Yang et al. (2023), which can be attributed to
reduced solar radiation at higher latitudes and the influence of warm
Pacific surface water on the Chukchi Sea shelf (Zheng et al., 2021).
SSS displayed their highest values on the Chukchi Sea shelf, ranging
from 29 to 32.5, while relatively lower values were observed in
Canada Basin, ranging from 25.5 to 29 (Figure 2B). As mentioned
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Surface distributions of temperature (left panels), salinity (middle panels), and pCO; (right panels) in the western Arctic Ocean in 2010 (A-C) and
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and Millero (1987), along with the dissociation constant for HSO,~ determined by Dickson (1990). The relationship between total boron and salinity

followed Uppstrom (1967).

earlier, high salinity on the Chukchi Sea shelf reflects the influence of
Pacific Source Water, whereas low salinity surface water in Canada
Basin is likely diluted by ice melt water (Geilfus et al., 2012). The sea
surface pCO, during this cruise exhibited a range of 100-350 patm
(Figure 2C). Low pCO, values were observed on the Chukchi Sea
shelf, whereas high values were observed in Canada Basin. On the
Chukchi Sea shelf, the low pCO, values can be attributed to the high
biological production sustained by nutrient-rich Bering Strait
through flow (Tu et al,, 2021; Zheng et al., 2021). In Canada Basin,
sea ice exerts a significant influence on regulating the dynamics of sea
surface pCO, during both sea ice formation and melt processes. The
evolution of sea surface pCO, during the sea ice melt will be further
quantified in the subsequent discussion.

In 2012, SST, SSS, and pCO, ranged -1-7.5 °C, 25.0-32.0, and 180-360
Matm, respectively (Figures 2D-F). Due to the influence of Pacific Water,
the Chukchi Sea shelf exhibited significantly higher SST and SSS compared
to the Canada Basin, which is consistent with the observations made in
2010. In contrast to the observations in Canada Basin, the sea surface
pCO, on the Chukchi Sea shelf was observed to be at its lowest level.

3.2 Distributions of SIC, HWF and wind
speed in the western Arctic Ocean

As shown in Table 1, the surface water in the northernmost sea
ice covered zone was predominantly encompassed by sea ice with
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SIC values ranging from 0.29 to 0.69 throughout the sampling
period. In the rapid sea ice melt zone, distinct SIC values were
recorded during these three voyages, ranging from 0 to 0.524. On
the Chukchi Sea shelf, there was a minor influence of sea ice melt as
evidenced by low SIC values ranging from 0.02 to 0.13. The highest
HWEF and wind speed were observed during the cruise in 2012.

4 Discussion

4.1 Controlling processes to the dynamics
of sea surface pCO, in Canada Basin

4.1.1 Temperature effect

During both cruises, the variability of SST ranged from -1.6 °C
to 4.0 °C, which could significantly impact the distribution patterns
of surface pCO,. To assess the influence of temperature on pCO,
variability, we plotted the relationship between InpCO, and SST
(Figure 3A). In 2010, a positive correlation was observed with an
equation of InpCO, = 0.0394xSST+5.7704 (R* = 0.38, p<0.05).
Wanninkhof et al. (2022) suggested an exponential increase in
pCO, with rising temperature at a rate of 4.13% °C™". Although the
observed slope was nearly consistent with the theoretical value of
0.0413, the correlation coefficient is only 0.6 (R=0.6). This result
indicates that although temperature is a significant controlling
factor, it cannot fully explain the variability in pCO, within the
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Relationships of InpCO, vs. sea surface temperature, SST (InpCO,-SST, (A) and npCO, vs. sea surface salinity, SSS (npCO,-SSS, panel b) for surface
water in Canada Basin in 2010 and 2012. In panel a, dashed line indicate the logarithm of air pCO,. In (B), black arrows represent the end-members
of ice melt water and Pacific Source Seawater with end-member values sourced from Qi et al. (2020) and Yang et al. (2023); solid line represent the

hypothetical conservative mixing line between these two end-members

Canada Basin. In 2012, there was also a positive correlation
relationship between InpCO, and SST for surface water with an
equation of InpCO, = 0.0702x+5.8696 (R* = 0.26, not shown in the
figure), but this relationship alone cannot fully explain variation
in pCO,.

4.1.2 Dilution of ice melt water

In Canada Basin, it has been suggested that the offshore surface
water is influenced by the dilution of ice melt water and Pacific
Source Seawater (Qi et al, 2020). Using end-member values of
S$=33.215 + 0.012, TA=2242.2 + 6.9 pmol kg'l, DIC=2159.1 £ 0.3
umol kg™ for Pacific Source Seawater and S=0, TA=400 umol kg,
DIC=450 umol kg for ice melt water (Yang et al, 2023), we
calculated the proportions of ice melt water at different salinities.
During both cruises, the fractions of ice melt water ranged from
12.7% to 27.7%. We further calculated the conservative pCO, values
at different salinities, and the result suggested a pCO, value of 368
patm at salinity of 22, and a pCO, value of 411 patm at salinity of
29. The observed difference in pCO, (43 patm) can be attributed to
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the dilution effect. We also examined the relationship between
npCO, and SSS to investigate the influence of water mass mixing
on the variability of sea surface pCO, in Canada Basin (Figure 3B).
In this study, npCO, was normalized to 0 °C following the method
of Wanninkhof et al. (2022). Consequently, no significant
correlation was observed between npCO, and SSS, indicating that
other processes may exert a stronger impact on the spatial
variability of sea surface pCO, than mixing during both cruises.

4.1.3 Air-sea CO, flux

In Canada Basin, there was an average difference of -25 to -80
patm between pCO, values in surface water and the overlying
atmosphere (Table 2), indicating a net uptake of CO, during both
cruises. Using average SIC values and wind speeds summarized in
Table 1, we estimated the air-sea CO, flux during the sampling
period, and the results are summarized in Table 2. Consequently, the
instantaneous air-sea CO, fluxes varied from -1.6 to -4.3 mmol C m™
d™! (Table 2 negative values indicate a CO, sink). Our estimated CO,
flux was almost consistent with Yasunaka et al. (2016) of -4 + 4 mmol
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TABLE 2 Summary of sea surface temperature (SST), sea surface salinity (SSS), sea surface pCO,, air-sea ApCO,, CO, flux, and average mixed layer
depth (m) in Canada Basin.

Date Voyage SSS PCOsin-situ Air-sea ApCO, (natm) CO flux MLD
(uatm) (mmolC m2d™ (m)
20100724 Forward 03+09 254+ 18 ‘ 306 + 41 71 + 41 16+16 ‘ 132
20100826 Return 05+ 1.2 268+ 1.2 ‘ 292 + 35 -80 + 34 43+ 18 ‘ 16.2
20120906 Return 03 +0.1 258+ 0.5 351 + 19 25+ 19 33+24 ‘ 188

Please note that the mixed layer depth (MLD) during both voyages was obtained using methods described in Xu et al. (2023).

C m? d?, Manizza et al. (2019) of -2.5 = 0.2 mmol C m?2 d?, Bates
and Mathis (2009) of -1.7~-4.2 mmol C m™ d™', and Islam et al.
(2017) of -2.5 + 2.6 mmol C m™ d! in Arctic Ocean, but was lower
than Ouyang et al. (2022) of -5.0 mmol C m™ d! in Canada Basin,
Sun et al. (2017) of -8.6 + 1.4 mmol C m? d! and Burgers et al.
(2017) of -12 mmol C m? d! in Arctic Ocean.

Here we conducted a preliminary estimation of DIC and
subsequently the pCO, increase during sea ice melt. Assuming an
average CO, flux of -3.0 mmol C m™ d” during these three voyages
(Table 2), an ice melt period of 80 days during warm seasons (from
DSR=-40 to DSR=40), and an average MLD of 16 m that obtained
using methods described in Xu et al. (2023) (Table 2), it can be inferred
that the air-sea CO, exchange at the sea surface would result in a rise in
seawater DIC by 15 mol kg™ Based on the definition of Revelle factor
(RF), pCO, variability caused by the air-sea CO, exchange can be
calculated as: REXPCO,ya1erXADICE/DIC, ey (Harry et al, 1979;
Egleston et al,, 2010). The results suggest that, during sea ice melt,
air-sea CO, exchange at the sea surface would lead to an increase in
seawater pCO, by 40 patm in Canada Basin.

4.1.4 Sea ice concentration

In Canada Basin, a significant negative relationship is observed
between SIC and sea surface pCO, (pCO,=-46.14xSIC+343.43,
R® = 0.47, Figure 4). The surface pCO, tends to decrease with
increasing SIC, exhibiting lower values in areas where SIC>0.5 and
higher values in open water with an SIC of 0. In Arctic ecosystems,
low SIC would facilitate CO, dissolution into seawater, leading to

increased seawater DIC and surface pCO,. During both cruises, the
observed sea surface pCO, was measured at 343 patm when SIC=0,
and decreased to 297 patm when SIC=1. The calculated difference
in pCO, amounts to 46 patm.

4.1.5 Biological consumption

In Arctic Ocean, the higher nutrient supply and subsequent
biological consumption of DIC result in a significant net uptake of
CO,. Previous studies have reported the NCP values in this region,
ranging from 1.88 to 7 mmol C m2d?! (Cai et al., 2010; Islam et al.,
2017; DeGrandpre et al., 2019; Ouyang et al., 2022). Using an NCP
value of 1.88 mmol C m™ d™ (Cai et al., 2010), and an ice melt
period of 80 days, it can be inferred that biological consumption
would lead to a decrease in seawater DIC by 9 umol kg and
subsequently reduce seawater pCO, by 24 patm.

4.1.6 Wind speed

In the estimation of air-sea CO, flux, higher wind speeds lead to an
increased gas transfer velocity, thereby resulting in a higher CO, flux
(see Equation 2). In Arctic Ocean, the intensified CO, sink under high
wind speeds would elevate seawater DIC concentrations and
subsequently increase pCO,. Here we utilized the HWF obtained
from model simulations to characterize the intensity of wind speeds
(for more details on the model simulation, please refer to Xu et al.
(2023)), and their respective results were presented in Table 1.
Consequently, HWF and wind speeds exhibited notable increases in
2012 than in 2010, which may also contribute to higher pCO, in 2012.

y =-46.14x + 343.43

FIGURE 4
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Linear relationship between surface pCO, and sea ice concentration (SIC) in Canada Basin with data collected during both 2010 and 2012.
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4.2 Modeling the sea surface pCO, during
sea ice melt

4.2.1 Results from a 1-D dynamic model

To assess changes in sea surface pCO, during sea ice melt, we
utilized the definition of days since ice retreat (DSR) in our results
description and model simulation. Firstly, the day of ice retreat
(DOR) is defined as the day when SIC falls below 15%. Then, we
calculate the temporal difference between DOR and the day of field
observation (DOF), which represents DSR. A positive or negative
DSR indicates that the corresponding DOR occurred earlier or later
than DOF. The specific values of DSR and SIC during these two
cruises can be found in the Supplementary Material provided by Qi
et al. (2022b).

In the present study, we divided the sampling period during
both cruises into three distinct stages, the pre-retreat stage (DSR<-
40), an active sea ice melt stage (-40<DSR<0), and a post sea ice melt
stage (DSR>0). Consequently, DSR values for pCO, measurements
in 2010 were predominantly negative (DSR<0), representing an
active sea ice melt stage. Conversely, DSR values in 2012 were
positive (DSR>0), representing a post sea ice melt stage. As shown
in Figure 5, during the active sea ice melt stage in 2010, pCO,
measurements displayed a scattered distribution pattern; however,
they demonstrated an increasing trend during the post sea ice melt
stage in 2012.

In order to gain a better understanding of variations in pCO,
during sea ice melt, we extended our simulation time to the early
melt period. Consequently, our modeled results covered the DSR
from -50 days to the maximum DSR recorded during these two

10.3389/fmars.2024.1307295

cruises (50 days). The initial values and model settings were derived
from Qi et al. (2022b). Briefly, the initial SST, SSS, pCO,, and TA
were averaged from observations beneath the sea ice for the period
2011-2020 when DSR was less than -40. Their respective values
were set at -1.0 °C, 27.1, 330 patm, and 1959 pmol kg''. During the
sea ice retreat period (-50<DSR<0), we assumed that SST linearly
increased from its initial value to the mean SST over -5<DSR<5.
Simultaneously, ice concentration linearly decreased from 95% to
0%, while SSS and TA decreased gradually from their initial values
to their respective means over -5<DSR<5. The values of SST, SSS,
and TA at DSR=0 were set to -0.7 °C, 26, and 1886 pumol kg’l,
respectively. During the ice free period (DSR>0), SSS and TA
remained constant while allowing SST to increase up to a
maximum value of 1.4 °C at DSR=60. A NCP value of 1.88 mmol
C m™ d" was assigned for the period between -40<DSR<50 to
reflect weak primary production in the study area (Cai et al., 2010),
whereas a value of 0 mmol C m™ d' was used for the period
between -50<DSR<-40. An averaged MLD of 16 m was consistently
applied throughout the simulation (Table 2). Two average wind
speeds, 4 ms™ recorded during July and August in 2010, and 7 ms™
observed during July, August, and September in 2012, were
considered for CO, flux estimation and model simulation.

The evolution of seawater pCO, during sea ice melt in Canada
Basin was simulated with a wind speed of 4.0 m s, and their result
was shown in Figure 5. During the pre-retreat stage, no significant
change was observed in the simulated seawater pCO,. Subsequently,
a decreasing trend in pCO, was observed during the active sea ice
melt stage. Following this stage, there was a continuous increase in
the simulated seawater pCO, during the post sea ice melt stage.
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Relationships between pCO, and days since ice retreat (DSR) in Canada Basin during the cruise both in 2010 and 2012 (gray circles). Orange squares
and error bars indicate the average values. During both cruises, DSR values for pCO, measurements in 2010 were predominantly negative (DSR<0),
representing an active sea ice melt stage. Conversely, DSR values in 2012 were positive (DSR>0), representing a post sea ice melt stage. The
horizontal dashed line is the atmospheric pCO, of 390 patm, and the vertical dashed line is DSR=0 d. Solid lines are the simulated seawater pCO,
using a 1-D dynamic approach at a wind speed of 4 m s™ (pink line) and 7 m s™* (blue line), with initial values and model settings derived from Qi

et al. (2022b).
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When using a higher wind speed of 7.0 m s, it was noted that pCO,
exhibited a decreasing trend when DSR<-10 but an increasing trend
when DSR>-10. In comparison to the pCO, values simulated at a
wind speed of 4.0 m s™', the modeled pCO, with a wind speed of
7.0 m s showed significantly higher values; exhibiting a difference
of 11 patm at DSR=0 and reaching up to 25 patm at DSR=50.

4.2.2 Quantifying the controlling processes to
the pCO, dynamics during sea ice melt

Here, we quantified the controlling processes to pCO, dynamics
during sea ice melt at two stages, the active sea ice melt stage (from
DSR=-40 to DSR=0) and the post sea ice melt stage (from DSR=0 to
DSR=50), with modeled carbonate parameters at DSR=-40, 0, and 50.
To assess the impact of temperature effects on pCO, dynamics, we
firstly calculated pCO, values at different SSTs while keeping DIC and
TA constant for each stage. The difference in pCO, values represented
changes attributed to temperature effects. For biological production
and air-sea CO, exchange, we first calculated the variability in DIC
resulting from the biological consumption (referred to as ADICg;,)
and air-sea CO,; g, (referred to as ADICyy,,) as NCP/(MLDxp) and
FCO,/(MLDxp), respectively. Subsequently, these DIC consumption/
addition values were subtracted/added to the observed DIC data
(referred to as DIC®®B and DICoP 1), allowing us to calculate
seawater pCO, with the new DIC concentrations. The difference
between these calculated and observed pCO, values indicates
changes attributed to biological production and air-sea CO,
exchange. Finally, the DIC changes resulted from the dilution of ice
melt water was estimated as ADIC-ADICg;,-ADICyy, to balance the
overall DIC budget. Its impact on pCO, variability could be
determined using methods described above.

During the sea ice melt, the contributions of different processes
to the dynamics of pCO, under a wind speed of 4 m s were
summarized in Figures 6A. During the active sea ice melt stage, the
increase in SST of 0.24 °C only resulted in a rise in pCO, by 4 patm.
Over a time scale of 40 days, biological production and air-sea CO,
exchange led to a decrease and increase in DIC by 5 umol kg ' and 5
umol kg, respectively, which would alter seawater pCO, by -15
patm and 15 patm correspondingly. Furthermore, the dilution
effect caused by ice melt water further reduced seawater pCO, by
16 patm. Consequently, compared to its reduction resulting from
biological production and dilution effects, the contribution of air-
sea CO, exchange towards increasing pCO, was significantly lower.
The combined effects of biological production, dilution effects, and
air-sea CO, exchange have a significant impact on reducing pCO,
during this stage. During the post sea ice melt stage, there was an
observed increase in pCO, by 45 patm. The increase in SST by 2.1 °
C would elevate pCO, by 32 patm, while biological production and
air-sea CO, exchange would lead to a decrease and increase
respectively in seawater pCO, by 22 patm and 37 patm due to
variability in DIC of -7 wmol kg™ and 11 pmol kg™'. The influence
of ice melt water is negligible during the post sea ice melt stage.
Consequently, the increase in pCO, resulting from high
temperatures and air-sea CO, exchange outweighs its decrease
caused by biological production. The combined effects of
temperature effect, biological production, and air-sea CO,

Frontiers in Marine Science

10.3389/fmars.2024.1307295

A 50 DSR<0 '
- Temperature effect:

40 | Biological productidn

Air-sea CO, flux

- Dilution

DSR>0

ApCO, (patm)
s 8 9

o
\

1
]
i
il
1
1
1
1
1
il
il
1
1
1
]
1
1
1
i
1
1
il
1
1
'
'

104

-20 4

30 Wind speed = 4 m s-!

40

30 +

N
o
1

ApCO, (patm)
o 2

—-
o
n

220 4

'
'
'
'
il
|
1
1
1
1
1
1
1
1
1
1
'
1
1
1
1
il
1

30 Wind speed =7 ms-!

FIGURE 6

Contributions of temperature effect, biological production, air-sea
CO; flux and the dilution of ice melt water to the changes of sea
surface pCO, during sea ice melt at a wind speed of 4 m s (A) and
7 m s (B). During the data processing, the modeled carbonate
parameters at DSR=-40, 0, and 50 were selected for quantification.

exchange result in a prevailing increase in sea surface pCO,
during the post sea ice melt stage.

Compared to the average low wind speed of 4.0 m s recorded
during July and August in 2010, the enhanced CO, uptake at a high
average wind speed of 7.0 m s observed during July, August, and
September in 2012 would further increase seawater pCO, by 17
patm during the active sea ice melt stage and by 8 patm during the
post sea ice melt stage, while the contributions of temperature,
biological production, and dilution from ice melt water remain
constant (Figure 6B). During the active sea ice melt stage, although
the presence of sea ice cover hinders air-sea CO, exchange at the sea
surface, the increased wind speed from 4.0 m s™* to 7.0 m s™* and
extremely low pCO, values (ranging from 320-330 patm) tend to
facilitate CO, dissolution into seawater and subsequently elevate the
pCO, by 17 patm. However, this wind-driven enhancement in CO,
sinking is significantly attenuated with a pCO, increase of 8 patm
during the post sea ice melt stage when pCO, values are
considerably higher (ranging from 330-370 patm).
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4.2.3 Uncertainty analysis

In this study, the initial values utilized in model simulations
were derived from a long-time field observation, which may
differ from the observed values in a specific year. As previously
discussed, we quantified the impact of varying wind speeds on
pCO, dynamics, ranging from 53 to 77 patm. Regarding the
dilution effect, the mixing of ice melt water contributed to a
pCO, variability of 18-43 patm. For biological production, a low
NCP of 1.88 mmol C m™> d ™" and a high NCP of 7 mmol Cm ™ d"'
was used in our pCO, simulation, indicating that biological
processes could contribute to a pCO, variability of 37-137
patm. Additionally, temperature effects were found to
contribute significantly to a pCO, variability of 36-350
patm. Therefore, careful selection of wind speeds, NCP values
and the temperature range is crucial for achieving accurate
model simulations.

5 Conclusion

This study presents the dynamics of sea surface pCO, during
sea ice melt based on field measurements in the western Arctic
Ocean. Compared to the pCO, reduction resulting from biological
production and dilution effects, the contribution of air-sea CO,
exchange is significantly lower. The combined effects of these
factors have a significant impact on reducing pCO, during the
active sea ice melt stage. In contrast, during the post sea ice melt
stage, the increase in pCO, resulting from high temperatures and
air-sea CO, exchange outweighs its decrease caused by biological
production, dominating the prevailing increase in sea surface pCO,.
Compared to normal situations with a wind speed of 4.0 m s/,
enhanced CO, uptake at a high wind speed of 7.0 m s would
further elevate seawater pCO, during both active and post sea ice
melt stages. The increase in pCO, with high wind speed was more
pronounced during active sea ice melt stage when seawater pCO,
values were significantly lower. The present study reports, for the
first time, the carbonate dynamics and controlling processes that
govern pCO, dynamics during the active sea ice melt stage. It
highlights the crucial role of wind speed in regulating the evolution
of surface pCO, during sea ice melt.

In the Arctic Ocean, Manizza et al. (2019) also observed an
exceptionally low SIC and relatively high levels of pCO, in the
East Siberian Sea during 2012. Their findings indicated that the
melt of sea ice under elevated seawater temperatures resulted in a
substantial accumulation of freshwater on the sea surface. The
presence of this low-density freshwater led to stratification
within the water column, which hindered primary productivity
of surface phytoplankton and impeded further reduction of
pCO, through biotic processes, consequently leading to
increased values of sea surface pCO,. Our study argues that
enhanced air-sea CO, uptake during periods characterized by
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high wind speeds also contributed to the elevated levels of sea
surface pCO, observed in 2012.
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Glacial activity and paleoclimatic
evolution records in the
Cosmonaut Sea since the last
glacial maximum
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This research explored the origin and paleoenvironmental significance of
sediments from the Cosmonaut Sea, Antarctica, focusing on the period since
the Last Glacial Maximum (LGM, 26,000 cal a BP). Sediment samples from core
ANT37-C5/6-07 were subjected to AMSYC dating, clay-mineral assemblage
analysis, grain size evaluation, and geochemical testing. Results indicated illite
as the dominant clay mineral (average 46%), followed by kaolinite (22%) and
smectite (21%), with chlorite (11%) being the least abundant. Comparison with
previous studies suggested that these sediments are largely derived from
weathered material from Prydz Bay and Enderby Land coastal regions. The
study of mineral ratios, geochemical elements, and sediment grain size,
alongside 8'80 values from the East Antarctica EDML ice core, revealed that
the ice sheet in the study area retreated around 18600 cal a BP, melted more
markedly during 16800-15000 cal a BP, tended to expand during 14800-13500
cal a BP, and then the ice sheet remained in a state of retreat until it expanded
again around 5000 cal a BP. It is largely synchronous with the phased changes in
the Antarctic climate since the LGM (26ka) of the Cosmonaut Sea. Notably, the
sediment record aligns with major paleoclimatic events, including Heinrich
Stadial 1 and the Younger Dryas in the northern hemisphere and the Antarctic
cold reversal, reflecting a climatic ‘'seesaw’ effect. These findings suggest that the
sedimentary record in the Cosmonaut Sea is a sensitive indicator of climatic
conditions, highlighting a history of glacial movements and revealing East
Antarctica’s climatic fluctuations. Additionally, the research indicates that the
regional ice sheet is more sensitive to climatic changes than previously believed,
underscoring its instability.
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Highlights

* Sources of sediment from core ANT37-C5/6-07
were analyzed;

* The warm and cold variations in the study area
were reconstructed;

* Clay minerals and geochemical elements in the Antarctic
sediments are good indicators of provenance
and paleoclimate.

1 Introduction

Climate change on Earth has been significant in the last century,
mainly characterized by global warming, which has led to the retreat
of glaciers, the rise of the snow line, and the rise of the sea level at
high latitudes. Being one of the most responsive areas to global
climate change and a vital region for the global exchange of CO,
between sea and air, the Southern Ocean is influential in that
alterations in its climate and environment directly influence the
thickness of the ice sheet and the extent of sea-ice coverage. These
changes, in turn, affect ocean circulation and sea-level height, and
they play a significant role in the global carbon cycle (Legendre,
1998; Collier et al., 2000; Leonardo et al., 2000). Therefore, historical
changes in the Antarctic paleo-ice sheet provide insights into past
climatic variations and sea-level fluctuations. Being the largest solid
water reservoir on Earth, the Antarctic ice sheet constitutes
approximately 90% of the world’s land ice and 80% of the world’s
total freshwater (Ju, 2019). Satellite observations indicate melting of
the Antarctic ice sheet in recent decades has contributed to a global
sea-level rise of 7.6 + 3.9 mm. The pace of sea-ice loss is
progressively accelerating, and climate models predict a reduction
in the sea-ice extent by approximately one-third by the end of this
century (Turner et al., 2017; Rignot et al., 2019). The melting of the
Antarctic ice sheet has affected the distribution of sea ice in the
Southern Ocean, which, in turn, has affected ocean-air exchange,
the global heat balance, and ocean circulation. Therefore,
comprehending the mechanisms of interaction between the
climate and glaciers in the Southern Ocean is crucial for
obtaining insights into the future of the Antarctic and
global climate.

Environmental changes in East and West Antarctica are
showing distinct trends. Recent satellite observations indicate
rising temperatures and melting sea ice in the West Antarctica,
while sea ice in the East Antarctica remains relatively stable. Many
scholars have conducted extensive research on the Antarctic
climate, sea ice, and productivity (Bonn et al., 1998; Shepherd
et al., 2004; Ducklowa et al., 2008). However, studies based on
satellite observations typically only capture short-term changes in
sea ice. Research on longer timescales often involves reconstructing
paleo-topographic features or using proxies from marine sediments.
For example, Kim et al. (2021) examined the effect of El Nifo-
Southern Oscillation and Circumpolar Deep Water on ice-shelf
melting in the Amundsen Sea. They conducted their analysis by
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examining total organic carbon, total sulfur, and biogenic silicon in
sediments from the Amundsen Sea. Pedro et al. (2011) explored the
coupling of millennial-scale climate changes in the Antarctica and
Greenland using five high-resolution Antarctic ice-core records and
examining changes in global methane concentrations. Crosta et al.
(2008) reconstructed climate change in the East Antarctica since the
Holocene by analyzing the response of diatom species in the East
Antarctic cores to seasonal climate changes.

Clay minerals in Antarctic sediments have been the focus of
extensive research by scholars as a valuable tool for reconstructing
paleoclimatology and interpreting sedimentary sources and
processes (e.g. Biscaye, 1965; Chamley, 1997). For instance,
Ehrmann et al. (1992) synthesized findings from various scholars
on Antarctic clay minerals, revealing distinct clay-mineral
assemblages in sediments from different seas. Understanding the
variations in these assemblages and their influencing factors is
essential for deciphering Antarctic paleoclimatology and changes
in ice sheets.

The Cosmonaut Sea is situated in the northwestern part of the
East Antarctic Enderby Land, spanning from 30°E to 60°E. It is
bordered by the Reeser-Larsen Sea to the west and the Cooperative
Sea to the east. Three bays, namely Liitzow-Holm Bay, Casey Bay,
and Amundsen Bay, are arranged from west to east. This region
serves as a crucial junction for polar circulation, where dynamic
physical processes like current flows and the formation and
dissolution of polynyas occur. Here, the interplay between sea ice
and the ocean is a dominant force in shaping the Antarctic
ecosystem. The currents, sea ice and surface productivity in this
area have also been analysed and studied by previous authors.
Williams et al. (2010) conducted an analysis based on the BROKE-
WEST survey, examining the large-scale circulation, water masses,
and fronts on the inner shelf slope and the surface of upwelling
areas in the Cosmonaut Sea. They observed that the sea ice in the
region is complex and highly variable, characterized by multiple
polynyas. Additionally, the study found that the region’s dynamics
are influenced by several currents: the eastward-flowing Antarctic
Circumpolar Current (ACC) to the north and the westward-flowing
Coastal Current and Antarctic Slope Current (ASC) to the south
(see Figure 1). Additionally, the seasonal flow of Antarctic Bottom
Water exists at the base of the region, and two large-scale
circulations, the Prydz Bay circulation in the east and the East
Weddell circulation in the west (Bibik et al., 1988), contribute to the
dynamic oceanic system. And the Cosmonaut Sea is very active in
physical processes, with large-scale latitudinal and meridional ocean
circulation patterns, annual formation and disappearance of sea ice,
and pronounced seasonal surface water mass transitions (Gloersen
et al., 1993; Bindoff et al., 2000; Williams et al., 2008). Li et al. (2021)
reveal the climatic response of the ice-proximal environment to the
melting of the ice sheet from the Last Glacial Maximum (LGM) to
Holocene based on diatom data from sediments. The knowledge of
the Cosmonaut Sea in the East Antarctica is limited by previous
studies, in particular, studies of the Astronaut Sea have focused on
hydrology and biology, and the sedimentary record of the
Cosmonaut Sea through inorganic geochemistry is relatively
scarce. This research gap emphasizes the necessity of gaining a
deeper understanding of the importance of the Southern Ocean
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FIGURE 1

Map of the currents and core locations. The map on the left side is an overall view of the Antarctica. The map on the right side is a detailed one of
the study area. The arrows represent the currents. The yellow arrow represents the Prydz Bay Gyre, the red arrows represent the Weddell Sea Gyre,
the blue arrow represents ASC, the purple arrow represents ACC, the white dashed line is the summer sea-ice line, and the white solid line is the

winter sea-ice line.

mineral assemblages in Antarctic paleoclimatology and glacial
reconstruction, and investigating climate and sea-ice changes in
the Cosmonaut Sea can significantly contribute to comprehending
environmental changes in the broader Antarctica. Hence, this study
focused on marine sediments from core ANT37-C5/6-07 in the
Cosmonaut Sea (Figure 1) to reconstruct the paleoclimatic
evolutionary history since the Last Glacial Maximum (LGM) in
the East Antarctica through the analysis of clay-mineral
assemblages and their integration with variations in grain size
and geochemical elements.

2 Materials and methods

The samples were collected from core ANT37-C5/6-07 (52°
35.69’E, 65°21.27’S; Figure 1; recovery length: 378 cm), which was
obtained during the 37th Chinese Antarctic Expedition in 2021.
This station is situated in the Cosmonaut Sea at a water depth of
2825 m. For this study, a 91-cm-long sample at the top was chosen
from the initial section. The sediments in this core exhibit an olive-
green color and consist of silty mud that is weakly cohesive. Owing
to the lack of calcareous fossils in the sediments, sediments from the
Antarctic marginal sea are usually dated using the AMS'*C method,
which uses the acid-insoluble organic fraction from the sediments
(Licht and Andrews, 2002; Hillenbrand et al., 2010; Hu et al., 2022),

TABLE 1 Ages of the sediments from core ANT37-C5/6-07.

and ages determined by this method are usually considered reliable
(Licht and Andrews, 2002). Therefore, we selected samples from
five layers (Table 1) for AMS'C dating at the Beta Analytic
Inc, USA.

The pretreatment, separation, preparation, and X-ray
diffraction (XRD) analysis of clay mineral samples were
conducted at the Key Laboratory of Submarine Geosciences,
Ministry of Natural Resources in Hangzhou, Zhejiang Province.
The remaining samples, extracted from grain-size fractions smaller
than 2 um using Stokes low of sedimentation, were then
transformed into oriented slices for XRD analyses. The clay-
mineral profiles were analyzed and calculated using Jade 6.0.
Qualitative analysis was conducted through a comprehensive
comparison of the characteristics of the three oriented-sheet
diffraction peaks. Semi-quantitative analysis was performed using
the weighting coefficients determined by Biscaye (1965). The result
for illite crystallinity was determined by averaging four calculations
for each sample, with error control maintained within 3%. Ninety-
one samples were analyzed with a sampling interval of 1 cm.

Grain size analysis was conducted using a laser-particle-size
analyzer. The laser grain size analysis was performed using a
Malvern 2000 particle-size analyzer at the Key Laboratory of
Submarine Geosciences, Ministry of Natural Resources in
Hangzhou, Zhejiang Province. Ninety-one samples were analyzed
with a sampling interval of 1 cm.

Station Sample layer (cm) Age of AMS'C/a  Calibrated age/cal BP  Age of old carbon/a Calendar ages
/cal BP
ANT37-C5/6-07 0-1 5300 + 30 2118 2118 0
ANT37-C5/6-07 11-12 13,230 + 30 11,486 2118 9368
ANT37-C5/6-07 44-45 18,210 + 80 17,774 2118 15,656
ANT37-C5/6-07 67-68 19,810 + 60 19,280 2118 17,162
ANT37-C5/6-07 90-91 27,830 + 120 28,116 2118 25,998
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Geochemical elements analysis was also conducted at the Key
Laboratory of Submarine Geosciences, Ministry of Natural Resources
in Hangzhou, Zhejiang Province. We weighed 40 mg of whole rock
powder in a polytetrafluoroethylene sample cartridge. We added 0.5
ml of HNO; and 1.0 ml of HF. Then, we sealed the cartridge with a
steel sleeve and placed it in an oven at 195°C for 3 d. We steamed the
sample bomb containing the digestion solution on a hot plate until
the salt was wet. Next, we added 1 ml of HNO; and 4 ml of 18.2 MQ
pure water to the bomb. We resealed the bomb and placed it in a 190°
C oven for 12 h of closed digestion. We removed the inner liner after
cooling. Thermo Fisher’s ICAP-RQ ICP-MS instrument was used to
analyze the samples. The samples were collected at a 1-cm interval,
and a total of 91 samples underwent testing and analysis.

3 Results
3.1 Chronology

Table 1 presents the results of AMS "*C dating for the five layers.
Results from acid-insoluble organic matter dating in sediments using
the AMS'*C method are usually affected by old carbon and therefore
need to be calibrated. After calibration with the Calib 8.2.0 program
(Stiver and Reimer, 1993) using the Marine20 dataset (Heaton et al.,
2020) and adopting an AR value of 1120 for carbon-reservoir
correction, the top age of the core was determined to be 2118 cal a
BP, and the bottom age as 28,116 cal a BP (Yoshida and Moriwaki,
1979; Takano et al., 2012). In line with previous studies (Pudsey et al.,
2006; Andrews et al., 2017; Hu et al., 2022), we generally performed
age correction by subtracting the age at the top of the core. Owing to
the proximity of the core ANT37-C5/6-07 sediments to the study
location of Hu et al. (2022), we also treated the surface deposits as
modern, resulting in an age of 0 cal a BP at the core’s top and an old
carbon age of 2118 a. Corrections involved subtracting the old carbon
age and making appropriate adjustments to derive the final calendar
age. The sediment-age framework for core ANT37-C5/6-07
referenced the work of Hu et al. (2023) (Figure 2).

28000 —
24000 —
20000
16000

12000
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8000 4 9368

4000

0 T T T T
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3.2 Clay minerals

Figure 3 illustrates the contents and variations of clay minerals
from core ANT37-C5/6-07. Among the clay minerals, illite exhibits the
highest content, ranging from 29% to 61%, with an average of 45.98%.
Illite content exhibits significant fluctuations between 40 and 60 cm,
with minor changes from 0 to 40 cm. The overall variation in smectite
content is relatively insignificant, ranging from 12% to 35%, averaging
at 21%. Observable peaks and valleys are present in the curves to depict
its content change, predominantly occurring at depths between 40 and
60 cm. Kaolinite content ranges from 15% to 30%, averaging at 22%.
Below 60 cm, its content is relatively lower; however, above 60 cm, it
increases and exhibits fluctuations. Chlorite content ranges from 7% to
16%, averaging at 11%. It is lower and more stable compared with the
others. Overall, the fluctuation is minimal below 60 cm, with slight
fluctuations observed above 60 cm. The highest content is situated at
approximately 40 cm. Illite crystallinity varies from 0.31°A26 to
0.53°A26. Small variations are observed below 60 cm and above 40
cm, all below 0.4°A26, indicating better crystallization. Larger variations
are noted from 40 to 60 cm, exceeding 0.4°A20 and indicating worse
overall crystallization. The chemical index of illite ranges from 0.02 to
0.21, with a mean value of 0.06. Overall, all values are less than 0.1, with
a peak around 45 cm, indicating enhanced chemical weathering.
However, the overall trend suggests weathering predominantly
dominated by physical weathering and controlled by cold and dry
climatic conditions in the Antarctica.

3.3 Grain size

Figure 4 illustrates the vertical variation of grain size characteristic
parameters in core ANT37-C5/6-07. By using the Udden-Wentworth
grain-size classification method (Gladstone et al., 2001), we selected
three grain-size parameters: the percentage content of grain-size
fractions less than 4 pum, 4-63 um, and greater than 63 um. These
parameters represent the percentage content of the clay, silt, and sand
fractions in the samples. Silt dominated the sediments in this core,

25998

17162
15656

0 10 20 30 40

FIGURE 2
Calibrated calendar ages for the top 91 cm of core ANT37-C5/6-07
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FIGURE 3

Characteristics of clay-mineral assemblages and their vertical variations in core ANT37-C5/6-07. The red triangles are age marker points.

with the average percentage of clay-component contents at 21.0%
(7.1-32.2%), the average percentage of silt component contents at
58.0% (34.3-67.2%), and the average percentage of sand-component
contents at 21.0% (2.4-51.9%). The variations in silt- and clay-
component contents were similar but were opposite to those of
sand-component contents. The mean grain size (Mz) ranged from
7.2 um to 90.5 um, experiencing more frequent fluctuations between
45 cm and 91 cm and then stabilizing and increasing above 45 cm. In
addition, the grain size characteristics of sediments can reflect

hydrodynamic conditions and ice-rafted debris content variations
(Bischof et al., 1996; Chen et al., 2014). However, using grain size
data to infer depositional environments introduces some uncertainty.
To mitigate this, a statistical approach—grain size-standard deviation
—is often applied to enhance the interpretation of grain size data
(Chen et al,, 2013). This method’s analysis (Figure 5) reveals three
significant deviation peaks at 14.6 pum, 58.3 pum, and 1230 pm, along
with three minor peaks at 0.22 um, 25.4 pum, and 406.1 pym in the
sediment of core ANT37-C5/6-07. Thus, the sediment can be

Component content(%)

Age(cal a BP)

la
100 - b | —
[ ]silty sand 0 50 100
B sand ;
Mz (m)

FIGURE 4
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Vertical variations in the characterization of grain size in core ANT37-C5/6-07. The red triangles are age marker points.
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FIGURE 5

Grain size standard deviation diagram of the sediments in core ANT37-C5/6-07.

classified into three environmentally sensitive grain size groups: 0.22—
254 pm (component A), 25.4-406.1 um (component B), and 406.1-
1866.1 pm (component C). Among these, component C is minor and
exhibits a standard deviation near zero, rendering its
discussion irrelevant.

3.4 Geochemical elements

Table 2 presents the results of elemental analyses for the sediments
in core ANT37-C5/6-07. The contents of Al,O; and Fe,O; are the
highest. Aluminum is commonly considered an element enriched by
terrestrial-source debris. Its coefficient of variation is very small (0.06),
making it suitable as a standardized element to mitigate the influence of
terrestrial-source debris on elemental content. The results reveal a high
coefficient of variation for the redox-sensitive element Mo and an
elevated content of Ba among the trace elements in core ANT37-C5/6-
07. The average concentrations are 231.73 ppm for total rare-earth
elements (REE), 213.09 ppm for light rare-earth elements (LREE), and
18.64 ppm for heavy rare-earth elements (HREE). The trends reflect a

remarkable accumulation of LREE. The alterations in the characteristics
of certain elements in the sediment samples from core ANT37-C5/6-07
are illustrated in Figure 6. The variations in the characteristics of
elements in the sediments manifested in two distinct phases: the last
glacial period and the Holocene, exhibiting significant cyclic
fluctuations. Notably, except for the elements Ba and Mn, a sudden
change occurred in the other elements at around 46 cm. The
characteristics of terrestrial enrichment elements depicted in Figure 6,
including Ti, Al Fe, K, P, and Mg, exhibit a similarity to the trend of
changes in other elemental characteristics and show a positive
correlation. Conversely, Si and Ba display a negative correlation.

4 Discussion
4.1 Origin of sediments
Sediments in high-latitude marine environments are frequently

transported by glaciers and ocean currents, encapsulating valuable
insights into alterations in source areas and depositional processes. As

TABLE 2 Statistical characterization of the main and trace elements contents of the sediments from core ANT37-C5/6-07.

Elements Mean Standard Variation Elements Mean Standard Variation
value deviation coefficient value deviation coefficient

ALO; (%) 13.40 0.83 0.06 Mo (ppm) 0.59 0.38 0.64
TFe,0;5 (%) 7.45 0.63 0.08 Ni (ppm) 5273 8.34 0.16
K,0 (%) 2.89 0.16 0.06 Ba (ppm) 845.25 112.12 0.13
MgO (%) 2.87 0.26 0.09 U (ppm) 1.88 0.62 0.33
TiO, (%) 0.76 0.04 0.05 Th (ppm) 19.63 1.56 0.08
CaO (%) 258 0.27 0.10 EREE (ppm) 231.73 14.97 0.06
P,05 (%) 0.14 0.01 0.06 SLREE (ppm) 213.09 14.61 0.07
MnO (%) 0.10 0.03 0.27 SHREE (ppm) 18.64 0.93 0.05

Co (ppm) 19.36 191 0.10
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Characteristics of longitudinal variation of elements in core ANT37-C5/6-07. The red triangles are age marker points

highlighted earlier, the clay-mineral composition and characteristics of
impeccably preserved sediments bear information regarding
depositional sources and climatic changes. However, discussions
regarding the sediment source based solely on clay-mineral
characteristics may be prone to bias owing to the influence of
multiple mechanisms (Singer, 1984; Yemane et al., 1996). And REEs
have been widely used as useful and reliable provenance proxy for
terrigenous sediments from different regions (Taylor and McLennan,
1985; Xu et al, 2021). Therefore, based on the analysis of the
characteristics of the clay-mineral assemblage, combined with the
REE characteristics of the sediments, and compared with the
characteristics in the sediments of the neighboring seas, we could
identify the origin of sediments in core ANT37-C5/6-07.

The analysis of previous experimental results (Figure 3) showed
that illite dominated as the clay mineral in core ANT37-C5/6-07. This
dominance can be attributed to the terrestrial physical weathering and
glacial abrasion processes characteristic of high-latitude regions. Illite
primarily originates from the physical weathering of metamorphic and
sedimentary rocks in the surrounding land. Experimental results show
that the average illite crystallinity is less than 0.4°A26, indicating
superior crystallization. Additionally, the illite chemical-weathering
index (<0.2) suggests that the illite is mainly from physical
weathering. Notably, Trail and McLeod (1969) observed that the
region is predominantly composed of migmatite and gneiss. They
further noted that substantial quantities of readily weatherable
hydrocarbon source rocks can contribute to the presence of illite and
chlorite. Smectite is typically considered a product of seafloor
weathering of volcanic material, as observed in sediments from the
Ross Sea. This volcanic material originates from the nearby McMurdo
volcano (Jung et al., 2021). Smectite has also been identified in some
Antarctic soils (Claridge, 1965), suggesting its potential presence in
sediments due to the transport of ancient, loosely weathered products
and soils into the ocean by glaciers or turbidity currents. Kaolinite
typically forms through the chemical weathering of rocks in warm,
humid temperate-to-tropical climates. However, in the cold, arid

Frontiers in Marine Science

127

climate of the Antarctic continent, characterized by weak chemical
weathering, glaciers likely transported kaolinite from the soils and loose
sediments of coastal plains from the Mesozoic to the Tertiary
(Hambrey et al., 1991). Ehrmann et al. (1992) identified the presence
of high levels of kaolinite in sediments from the Oligocene period,
coinciding with the formation of ice sheets in the East Antarctica. After
the ice sheet formed, unconsolidated debris was transported away from
the continents, leaving glaciers to primarily erode unweathered rock,
which resulted in only a small quantity of kaolinite being produced.
Additional kaolinite likely resulted from the weathering of preexisting
kaolinite-bearing sediments and the erosion of ancient soils (Trail and
McLeod, 1969). Moreover, the Lambert Glacier and Emery Ice Shelf in
the Prydz Bay were found to be filled with older kaolinite. When the
glacier melted, the older kaolinite beneath was exposed, and subsequent
weathering and erosion contributed to the kaolinite content.
Sediment provenance is further examined by considering the
potential source areas of the four clay minerals and analyzing the
clay-mineral assemblages. Given that both illite and chlorite result
from physical weathering (Ehrmann et al, 1992), we combined
their contents as a composite end member to explore their potential
source regions. This analysis involved comparing them with clay
mineral characteristics of other marine sediments that may share
the same sediment source station (Ehrmann, 1991; Melles, 1991;
Dai et al., 2016) and integrating this information with the current
characteristics of the study area. The source analysis triangulation
for clay minerals is shown in Figure 7. The comparison of results
reveals that the clay mineral assemblages in core ANT37-C5/6-07
exhibit a distinct signature, which only partially matches that of the
clay mineral assemblages from core P4-03 in Prydz Bay. This
suggests that the primary source of clay minerals in core ANT37-
C5/6-07 is likely nearby Enderby Land, with a portion also possibly
originating from the coastal land along Prydz Bay. Referring to the
core locations and current characteristics illustrated in Figure 1,
both cores fell within the influence of the eastward ASC. The ASC,
driven by the horizontal gradient pressure of the Antarctic Slope
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FIGURE 7

Triangulation of clay-mineral source analysis diagram showing clay
mineral assemblages from sediments in core ANT37-C5/6-07
compared to those from the ODP sites 738, 744, and 745 at
Australia-Antarctic Basin (Ehrmann and Grobe, 1991), site P4-03 at
Prydz Bay (Dai et al,, 2016), and site 1606 at Weddell Sea (Melles,
1991). The red dash line represents the range of similarity in clay-
mineral characteristics.

Peak, exhibits a high flow velocity, reaching a maximum of 25 cm/s
and being particularly active at a water depth of 750-1250 m. Below
this depth, the flow velocity gradually decreases, facilitating the
deposition of detrital material (Hunt et al., 2007; Williams et al.,
2010). As both cores are situated at water depths below 2500 m,
their clay-mineral assemblages are significantly influenced by the
ASC. Consequently, we propose that the sediments in core ANT37-
C5/6-07 are partly derived from rocks weathered on the continental
shelf of Prydz Bay, transported by the ASC. Additionally, some
sediments are believed to originate from coastal Enderby Land. To
elucidate the sediment origin further, we selected REE as proxy
indicators for compositional analysis. REE is typically associated
with source rocks owing to their low reactivity. However, the
fractionation of REE during deposition is influenced by multiple
factors. Notably, a grain size effect has been observed in REE, often
leading to enrichment in fine-grained material (Cullers et al., 1987).
Additionally, study results confirm the reactivity of REE during
chemical weathering, where the intensity of chemical weathering
can affect their composition. Moreover, REE is influenced by
mineral adsorption, and research has indicated that the

o
y=0.22x+70.6

o R*=0.07

10.3389/fmars.2024.1379673

composition of REE is also affected by ferromanganese oxides.
Correlation analysis of the REE content of the sediments with Mz,
the illite chemical index indicating chemical weathering intensity,
and the (Fe,O3+MnO)/AlL,O; value representing ferromanganese
oxide content (Dou et al., 2012) reveals that the REE content in core
ANT37-C5/6-07 exhibits a weak correlation with these three factors
(Figure 8). This suggests that the variation in REE features is
primarily influenced by the source. Therefore, the sediment
source can be inferred based on the and considering light and
heavy rare-earth fractionation features, such as (La/Sm)y and (Gd/
Yb)x.

REE compositions in chondrite meteorites are believed to be
undifferentiated. Analyzing the chondrite-normalized REE
partitioning patterns can thus provide a clearer understanding of
the differentiation characteristics of the sample’s REE (Boynton,
1984). We compared the REE compositions in the core ANT37-C5/
6-07 sediments with those in the potential source area to try to
analyze the source of the sediments (Shi et al., 1998; Chen et al,
2015; Li et al., 2017; Xiu et al., 2017). The REE compositions in the
core ANT37-C5/6-07 sediments, as shown in the chondrite-
normalized partitioning patterns (Figure 9), display a marked
enrichment in Light REE (LREE) and a depletion in Heavy REE
(HREE). This pattern aligns with terrestrial source characteristics,
suggesting a significant terrestrial influence, particularly from
nearby Enderby Land. In contrast, the REE abundance in the
sediments from the Antarctic Peninsula and Ross Island differs
markedly, indicating a distinct geological origin (Shi et al., 1997;
Chen et al., 2015). Moreover, the sediments in core ANT37-C5/6-07
show a higher REE content compared to those from the Ross Sea
(Xiu et al,, 2017). The similarity in LREE levels and the deficit in
YHREE compared to the Enderby Land metamorphic rocks, along
with distinct positive Ce anomalies and negative Eu anomalies,
reflect the underlying bedrock composition, primarily ancient
metamorphic rocks such as gneisses and mafic rocks (Sheraton
et al., 1984; Tingey, 1991; Stagg et al, 2004). These features,
supported by the bedrock characteristics in Prydz Bay and
Enderby Land, suggest a mixed sediment source for core ANT37-
C5/6-07.

The normalized ratios (La/Sm)y and (Gd/Yb)y indicate the
fractionation levels of light and heavy rare-earth elements,
respectively. A higher (La/Sm)y ratio signifies greater enrichment

y=-8.76x+0.26

.
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Correlations of REE with Mz, ferromanganese oxides, and chemical-weathering intensity in the sediments of core ANT37-C5/6-07.
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FIGURE 9

Chondrite-normalized partitioning pattern of REE for core ANT37-
C5/6-07 and sediments from the Prydz Bay (Li et al,, 2017), the Ross
Sea (Xiu et al., 2017), sediments from the Antarctic Peninsula (Chen
et al,, 2015), metamorphic rocks of the Enderby Land (Suzuki et al.,
1999), igneous rocks of the Antarctic Peninsula (Chen et al.,, 2015),
and igneous rocks of the Ross Island (Shi et al.1998).

in LREEs, while a lower (Gd/Yb)y ratio points to greater HREE
enrichment. By comparing the REE ratios in the sediments to those
in potential source rocks, we can assess the fractionation between
HREEs and LREEs. In core ANT37-C5/6-07 sediments (refer to
Figure 10), the (La/Sm)y and (Gd/Yb)y ranges overlap with those
from the Enderby Land Metamorphic Rocks and Prydz Bay
sediments. This overlap suggests that these locations are the
primary sources, as supported by the REE partitioning
patterns observed.

In conclusion, the integrated analysis results of clay-mineral
assemblages and REE composition strongly suggest that the
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FIGURE 10

Discrimination diagrams for determination of provenances of
sediments in core ANT37-C5/6-07, by comparing with (La/Sm)y and
(Gd/Yb)y characteristics of the Prydz Bay (Li et al,, 2017), sediments
of the Ross Sea (Xiu et al., 2017), metamorphic rock of the Enderby
Land (Suzuki et al., 1999), sediments of the Antarctic Peninsula,
igneous rocks of the Antarctic Peninsula (Chen et al., 2015), and
rocks of the Ross Island (Shi et al., 1997).
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predominant source of sediments in the study area is coastal land
of Prydz Bay and Enderby Land. We consider that the sediments
primarily originate from coastal-land weathering, transported into
the ocean through processes like glacial or turbidite deposition, and
subsequently carried by the ASC before settling at this
specific station.

4.2 Paleoclimatic significance since LGM

Clay-mineral assemblages in marine sediments from distinct
regions convey varied climatic information. Considering the
stability of ASC influencing the deposition of core ANT37-C5/6-
07 (Williams et al., 2010), we propose that alterations in the clay-
mineral characteristics of the sediments may indirectly indicate
paleoclimatic changes. Drawing from prior studies, we propose that
the smectite in the study area may have an authigenic origin,
potentially affecting the accuracy of the paleoclimate information
it contains (Iacoviello et al., 2010). In contrast, kaolinite originates
from old kaolinite buried under glaciers or formed through
chemical weathering under warm and humid climatic conditions,
signifying a warm climate. Illite and chlorite result from physical
weathering, typically indicating dry and cold climates. Thus, the
(illite + chlorite)/kaolinite value can serve as a proxy indicator of
paleoclimatology, reflecting the shift between warm and cold
climates in the source area (Yang et al., 2022). Combined with
other paleoclimatic proxies, we can further elucidate the reasons for
the alteration of clay-mineral assemblages and changes in
depositional processes to reconstruct the paleoclimatology of the
source region.

The geochemical elemental characteristics of the sediments bear
information about paleoenvironmental changes. The contents of
various grain size fractions were analyzed through an R-type factor
analysis with the sediment elements at this station (Table 3). The
chosen rotation method for factor analysis was the maximum-variance
rotation method, leading to the identification of two primary factors, F1
and F2. Examination of Table 3 reveals that the variance factor of F1
was larger than that of F2, signifying that F1 predominantly influenced
the composition of sediment elements. The TiO,, Al,Os, Fe,0;, MgO,
K,0, P,Os, and clay fractions displayed high positive loadings,
denoting their typical characteristics as terrigenous inputs. The iron
could be correlated with chlorite, illite, and smectite, while potassium
was primarily linked to potassium feldspar and illite. The F2 factor has
positive high loadings only for MnO and chalk, which may indicate
that Mn is more likely to be in the silty sand grain fraction relative to
the other elements (Zhang, 2011). The SiO, and barium constitute
components of marine-derived sediments, and SiO, levels could be
associated with diatoms. Previous research has demonstrated that
climatic variations can influence the timing and extent of sea-ice
coverage in the Southern Ocean, subsequently influencing the
photosynthesis of surface phytoplankton (Wong et al, 1999;
Ducklowa et al., 2008). Therefore, biogenic barium (Bay,,) and Si/Al
were chosen as paleo-productivity indicators to indirectly infer
information on climate warming and cooling. The Bay;, was
calculated using the following formula (Bonn et al., 1998):
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TABLE 3 Results of R-type factor analysis of elements and grain size fractions from core ANT37-C5/6-07.

F1 F2 Factor Percentage of variance Accumulated %

Si0, -0.968 0.008 F1 62.857 62.857
TiO, 0.904 0.121 F2 20.601 83.457
AlLOs 0.98 -0.061

Fe,0; 0.846 0261

MnO -0.169 0.67

MgO 0.953 0.179

K0 0.966 -0.04

P,0; 0.861 0221

Ba -0.827 -0.004

Clay 0.759 0.527

Silty sand 0.094 0.943

Sand -0.483 -0.829

Bay, = Ba japa — Al sed X (Ba/Al)ter

where (Ba/Al), represents the abundance of barium in the
terrestrial crust and has a value of 0.0051 (Taylor, 1964).

Combined with the previous section, the grain size composition
and characteristics of marine sediments can indirectly reflect the
hydrodynamic strength at the time of deposition, currents and
other changes in the depositional environment (Hall et al., 2011).
Compared with component A, the content of component B is
higher, and the change of the content B shows an obvious
positive correlation with the average grain size change of the
sediment in the core ANT37-C5/06-07, which indicates that the
change of the content B influences the overall change of the grain
size of the sediment, and it is more sensitive to the environmental
changes. Therefore, this paper suggests that component B can be
used as a proxy indicator for changes in the depositional
environment, and that the grain size components A and B
correspond to the environmentally sensitive clay and silt, which
to some extent can be indicative of weak and strong
hydrodynamic conditions.

The ebb and flow of glaciers are deeply intertwined with shifts
in climate patterns. Studies, including Stammerjohn et al. (2015),
have demonstrated that rising temperatures significantly influence
ice melt. This melting corresponds with periods of glacial retreat,
often associated with warmer climates, which in turn fosters the
emergence of open oceanic environments and an increase in surface
productivity. In contrast, cooler climates are marked by a reduction
in this productivity due to expansive sea-ice coverage. The presence
of coarser grain sizes in sediment, like those greater than 63 um, 125
pum, and 150 pm, is frequently interpreted as an indicator of
increased ice-rafted debris (Chen et al., 2006), reflecting such
climatic shifts. Within the specific environmental context of the
area under study, it is plausible that the kaolinite found originates
from the physical weathering and erosion of ancient, glacier-buried
deposits, as indicated by its concentration. Notably, this kaolinite
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content aligns with the >63 um grain size fraction, providing a
sedimentary record that can be used to trace historical
glacial movements.

To unravel the history of climate in Antarctica, we turned to ice
cores, which are rich archives of past climatic conditions. In this
study, the analysis went further, incorporating additional proxies;
we delved into the intricate details of sedimentary records from core
ANT37-C5/6-07. We scrutinized the variations in the composition
of clay minerals, their relative proportions, the Bay,,, the silicate-to-
aluminum ratio (Si/Al), the >63 pm grain size fractions, and the
component B. These sedimentary parameters were cross-referenced
with the oxygen isotope data (8'®0) from the EDML ice core, which
was obtained near our study site (as illustrated in Figure 1; Epica
Community Members, 2006). Our comprehensive approach
allowed us to piece together a dynamic history of hydrodynamics,
paleoproductivity, and ice cover in the region. Through this lens, we
discerned four distinct periods alternating between warmer and
cooler climates (labeled P1 through P4). Moreover, we pinpointed
the timing of these local environmental shifts in relation to broader
global climatic events, as depicted in Figure 11.

During the period from 26,000 to 18,600 cal a BP, the (illite +
chlorite)/kaolinite value was relatively high, and the kaolinite
content was low. These features suggest a cold climate, weak
chemical weathering intensity, and the reburial of older kaolinite
due to the re-formation of the ice sheet. And content of component
B is consistently low, indicating a less hydrodynamic depositional
environment. This may be due to the fact that the exchange between
the upper and lower water column was inhibited during that period
due to sea ice cover. Concurrently, reduced values of Bay,, and the
Si/Al value point to diminished marine surface productivity,
attributable to the sea ice extent. Marked variations in the >63um
grain size fraction, representing ice-rafted debris, were observed
throughout this interval. Complementing these findings, the
persistently low 8'®0 values in the EDML ice core corroborate a
colder climate and intensified glacial conditions. The alignment of
these conditions with the Last Glacial Maximum (LGM) confirms
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FIGURE 11

Changes in clay-mineral assemblages, Bayio, Si/Al, component B, content of >63-pum grain size fractions in the core ANT37-C5/6-07 sediments, and
380 of the EDML ice cores (Epica Community Members, 2006). The red line demarcates the LGM and Holocene phases, with the blue and yellow

areas representing the cooler and warmer phases (P1-P4), respectively.

the chronology posited by Huybrechts (2002). Additionally, the
shifts in these indicators denote that the study area commenced the
Last Deglaciation around 18,600 cal a BP.

During the interval from 16,800 to 15,000 cal a BP (P1), a notable
trend was observed: a decline in the (illite + chlorite)/kaolinite value
to a nadir coincided with a significant rise in the 8'®0 values of the
EDML ice cores. Concurrently, the content of component B showed
an upward tendency. These trends collectively suggest a warming
climate. In this phase, the >63 wm grain size fraction, initially
increased and then declined, mirroring the glacier retreat that first
released and later reduced the transport of such debris to the study
area. This glacial retreat also facilitated enhanced phytoplankton
photosynthesis and wind-stressed upwelling, intensifying surface-
layer productivity and hydrodynamic conditions. Additionally,
weathering and erosion exposed older kaolinite previously under
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the ice sheet, resulting in a significant increase in the kaolinite
content. However, there was no significant change in Bay;,, an
indicator of productivity. This was attributed to a warming climate.
The sudden increase in surface productivity led to the deposition of
settled organic matter that consumes large amounts of oxygen,
creating an anoxic environment and resulting in low levels of Bay;,
(Hu et al., 2023).

The subsequent period between 14,800 and 13,500 cal a BP (P2)
was characterized by an opposite trend: the (illite + chlorite)/
kaolinite value ascended, 8'*0 values dropped, and the >63 um
grain size fraction markedly escalated, while kaolinite content
diminished. Si/Al, Bap;,, and component B contents were
comparatively low, suggesting a cooling climate, a surge in ice-
rafted debris due to new ice sheet formation, and the reburial of
kaolinite. And the new ice sheet resulted in restricted vertical
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mixing in the water column, weaker hydrodynamics, and reduced
surface productivity.

From 12,800 to 11,400 cal a BP (P3), a warming climate was
once again indicated by a decrease in the (illite + chlorite)/kaolinite
value, a rise in kaolinite and component B content, a decline in the
>63um fraction, and the increase in 3'°0. Conversely, the Si/Al
value and Bay;, content remained relatively stable, implying lower
temperatures during this warm period compared to the previous
warm period. Studies by Borchers et al. (2016) in the nearby Burton
Basin in East Antarctica also indicated that the ice shelffront started
to retreat from the site around 12,800 cal a BP, evidencing warming
during this period.

The sedimentary record in core ANT37-C5/6-07 provides a
detailed account of the Antarctic climate transition from colder to
warmer conditions following the Last Glacial Maximum (LGM).
This transition in Antarctica was distinct from that in the Northern
Hemisphere, largely because the extensive landmass of the
Northern Hemisphere experienced more rapid warming during
the initial phase of the last deglaciation. This led to increased ice
meltwater influx into the North Pacific, causing a weakening of the
Atlantic Meridional Overturning Current and consequent heat
accumulation in the Southern Ocean. This heat accumulation, in
turn, warmed the Antarctic climate, establishing a temperature
gradient between the North and South Poles, an effect known as
the Bipolar Seesaw (Broecker, 1998; Wang et al., 2015). Compared
to previous studies in the East Antarctic (Borchers et al., 2016; Yang
et al, 2021), the geochemical proxies in the Cosmonaut Sea,
particularly the shifts in (illite + chlorite)/kaolinite values, Bay,
content, Si/Al, and the content of component B in core ANT37-C5/
6-07, provide a clear timeline for the Antarctic ice sheet’s response
to these climatic shifts. Notably, the warming in Antarctica from
16,800 cal a BP to 15,000 cal a BP (P1) occurred concurrently with
the Heinrich Stadial 1 (HS1) in the Northern Hemisphere, whereas
the cooler phase from 14,800 cal a BP to 13,500 cal a BP (P2) aligns
with the Antarctic Cold Reversal (ACR). This latter period saw
significant glacial expansion in the Ross Sea, further evidencing the
frigid conditions in Antarctica (Huang et al., 2016). Following this,
the period from 12,800 to 11,400 cal a BP (P3) signifies a warming
phase post-ACR, which overlaps with the Younger Dryas (YD)
cooling event in the Northern Hemisphere (Alley et al., 2003).

From 11,400 cal a BP to 5,000 cal a BP, the climate data from
core ANT37-C5/6-07 show a phase of relative climatic stability and
warming in Antarctica. The ratio of (illite + chlorite) to kaolinite
was consistently low, reflecting stable conditions, while the 8180
values showed minimal fluctuations, indicating steady climatic
conditions. The low content of >63um particles, representing ice-
rafted debris, along with stable kaolinite content, suggests a
constant source and reduced glacial activity. This period saw
significant increases in Si/Al values, Bay;, and component B
content, pointing to diminished sea ice, enhanced water column
exchange, and heightened surface plankton photosynthesis,
culminating in increased productivity. These conditions mark the
gradual climatic shift into the Holocene, characterized by overall
warming (Bentley et al., 2009). Post-ACR, the climate witnessed a
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warming trend, with only minor fluctuations. However, between
5,000 cal a BP and 4,000 cal a BP (P4), a slight cooling is observed,
as the (illite + chlorite)/kaolinite value increased, and kaolinite
content decreased, which is in line with the 8'*0 records. Despite
this cooling signal, the sedimentary record from the Antarctic
Peninsula by Shevenell et al. (1996) confirms a warmer
paleoclimate overall for this period. Notably, Si/Al and Bay,,
levels remained high, indicating sustained productivity, a
phenomenon attributed to the reduced influence of sea ice and
increased significance of solar irradiance in the post-Holocene
warm climate (Hu et al.,, 2023). After this colder climatic phase,
the (illite + chlorite)/kaolinite value remained low and stable, while
the value of Si/Al, the content of Bay,;, and component B were high.
This indicates that the Antarctica has generally been characterized
by warmer conditions and the hydrodynamic is strong, surface
productivity is high in the study area, collectively, these indicators
suggest the initiation of a climatically suitable period in
the Antarctica.

In summary, the variations in clay mineral assemblages, grain
size distributions, and elemental compositions within core ANT37-
C5/6-07 from the Cosmonaut Sea have proven to be effective
indicators of the historical dynamics of the ice sheet since the
Last Glacial Maximum (LGM). Comparative analysis with prior
studies in West Antarctica (Long et al., 2024) and East Antarctica,
including future projections (Borchers et al, 2016; Yang et al,
2021), reveals that the ice sheet in our study area exhibits
heightened sensitivity to climatic shifts. This sensitivity allows for
more precise dating of climatic events in East Antarctica. Our
findings challenge the notion of stability in the East Antarctic ice
sheet as proposed by Rignot et al. (2019), suggesting that there
remains a considerable risk of ice-shelf collapse under ongoing
global warming.

5 Conclusions

Our comprehensive study and analysis of clay minerals, grain
sizes, and elemental characteristics in the sediments from core
ANT37-C5/6-07 in the Cosmonaut Sea have led to the following
primary conclusions:

(1) The integration of clay mineral assemblages and REE
profiles in the sediment points to a predominant
influence of rock weathering from Prydz Bay and
Enderby Land coastlines, indicating these areas as the
main sediment sources.

(2) Based on the (illite + chlorite)/kaolinite value, content of
Bay,;, and cpmponent B, Si/Al value, content of >63pum grain
size fractions in the sediments of core ANT37-C5/6-07, and
the 8"®0 record of the EDML ice core, we found that the ice
sheet in the study area retreated around 18600 cal a BP, had
significant ablation during 16800-15000 cal a BP (P1) and
12800-11400 cal a BP (P3), and expanded during 14800-
13500 cal a BP (P2) and 5000-4000 cal a BP (P4). It is largely
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synchronous with the phases of climate changes in the
Cosmonaut Sea since the LGM (26 ka). These findings
align with previous Antarctic studies, offering evidence for
understanding the climatic response of the Cosmonaut Sea
and the East Antarctic region to global changes.
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The Southern Ocean connects the Pacific, Atlantic, and Indian Oceans, serving as
a key hub for the global overturning circulation. The climate of the Southern
Ocean is closely linked to the low-latitude equatorial Pacific, as well as the high-
latitude regions of the North Atlantic, making it an important component of the
global climate system. Due to the interactions of various processes such as
atmospheric, oceanic, and ice cover, the Southern Ocean exhibits a complex and
variable sea surface temperature structure. Satellite observations indicate that
since 1980, the sea surface temperature of the Southern Ocean has been
cooling, contrary to the global warming trend. However, due to the relatively
short length of satellite observations, the specific mechanisms are not yet clear.
Here, we used the EOF method to analyze sea surface temperature data since
1870 (HadISST1 and ERSSTV5), with three main separated modes explaining over
70% of the sea temperature variability. Among them, the first mode shows
widespread positive sea surface temperature anomalies in the Southern Ocean,
with a time series change consistent with global temperature anomalies,
representing a mode of global warming. The second mode corresponds to the
Atlantic Multidecadal Oscillation (AMO) but with a lag of approximately 4 years.
The third mode is consistent with the variability of the El Nifio-Southern
Oscillation (ENSO). Furthermore, our study indicates that despite the ongoing
global warming since 1980, the negative phase of AMO and positive phase of
ENSO may counteract the effects of global warming, leading to an overall cooling
trend in the sea surface temperature of the Southern Ocean.
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1 Introduction

The continuous emission of greenhouse gas into the
atmosphere since the industrial revolution results in the rise of
global temperature (IPCC, 2021). The ocean acting as a regulator of
the climate system can slow down the warming of the global
atmospheric surface temperature by absorbing excess heat due to
its vast area and large heat capacity (Cheng et al., 2019). Over the
past few decades, the ocean has absorbed more than 90% of the
excess heat from the energy imbalance and more than half of
the globally increased ocean heat is stored in the Southern Ocean
(Rye et al., 2014).

The Southern Ocean has a unique and complex ocean dynamic
environment, where different ocean processes influence the heat
absorption and redistribution (Rintoul, 2018). Observations show
that the warming in the Southern Ocean are not uniform and vary
in different regions. The most significant warming areas are mainly
concentrated in the Indian Ocean sectors of the Southern Ocean,
followed by the Pacific Ocean sectors, while the Atlantic Ocean
sectors of the Southern Ocean has relatively smaller warming
amplitudes (Purkey and Johnson, 2010; Schmidtko et al., 2014;
Cheng et al., 2020). Furthermore, the Southern Ocean is connected
to the Pacific, Indian, and Atlantic Oceans. The distribution and
variation of heat in the Southern Ocean can not only influence the
climate changes in other ocean basins but also be affected by the
climate and ocean processes of other ocean basins through
atmospheric bridges and other mechanisms (Li et al., 2014; Liu
et al., 2018).

Reanalysis data show that the fastest warming region in the
Southern Ocean from 1979 to 2001 is located between 40°S and 45°S,
followed by the area near 60°S, with slower warming in other regions
(Fogt and Bromwich, 2006). Moreover, buoy data has revealed that
since the 1950s, the warming of sub-surface waters in the Southern
Ocean has been significantly higher than in most other global ocean
regions, with the warming occurring near the Antarctic Circumpolar
Current (ACC) (Gille, 2002). Other studies utilizing observational
data collected since the 1960s have similarly shown that upper ocean
waters in mid-latitudes of the Southern Ocean are rapidly warming,
accompanied by surface water freshening (Boning et al., 2008;
Wijffels et al., 2008). However, some studies have found that south
of 60°S in the Southern Ocean, there is a weaker or cooling trend in
surface warming (Purkey and Johnson, 2010; Schmidtko et al., 2014).
Recent work based on satellite observation revealed slight cooling
trend since 1980 contrary to the global warming trend (Yang et al,
2023). However, the satellite observation is too short to elucidate the
specific mechanisms contributing to this cooling trend. Here, we
utilize data spanning from 1870 to 2022, totaling 153 years, to
decompose various modes of Southern Ocean SST using Empirical
Orthogonal Function (EOF) analysis. Our work aims to investigate
the main mechanisms influencing the distribution and changes in
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Southern Ocean SST based on the spatial characteristics of
temperature anomalies associated with different modes and their
temporal trends. Based on above results, we proposed that despite the
ongoing global warming since 1980, the negative phase of AMO and
positive phase of ENSO may counteract the effects of global warming,
leading to an overall cooling trend in the sea surface temperature of
the Southern Ocean.

2 Data and methods

This study utilized sea surface temperature analyses from the
Hadley Centre Sea ice and SST data set version 1(HadISST1) and
Extended Reconstructed Sea Surface Temperature version 5
(ERSSTV5) datasets for Empirical Orthogonal Function (EOF)
analysis. HadISST1 primarily consists of satellite observations, but
data prior to the satellite era were reconstructed using ship-based
measurements, which have uncertainty due to sparse coverage
(Kennedy, 2014). Therefore, the ERSSTV5 dataset was used for
additional comparison. HadISST1 dataset including monthly
observations from 1870 to the present employs a standard method
for calculating SST and undergoes quality control and correction
processes based on observational data (Rayner et al, 2003). We
choose the SST for latitude range of 40°S to 75°S and longitude range
of 180° to -180°from January 1870 to December 2022 with a spatial
resolution of 1° x 1° and a temporal resolution of monthly intervals
for EOF analyses. The ERSSTV5 dataset is reconstructed by
combining data from ships, buoys, satellite measurements, and
other observation platforms. The spatial resolution of ERSSTVS5 is
approximately 2° x 2° The selected time range and temporal
resolution are consistent with HadISST1. To process the data, we
first calculated anomalies relative to the annual mean sea surface
temperature and then performed the EOF analysis. Moreover, we
compare the time series of our extracted SST modes with climate
index, i.e., AMO, ENSO, to infer their potential driving mechanisms.
The AMO index was calculated based on the SST anomalies averaged
over the North Atlantic region (0°-60°N, 80°W-0°) (Zhang and
Delworth, 2007) and the Southern Oscillation Index (SOI) was
used as an indicator of ENSO.

3 Results and discussion

EOF analysis conducted on the area-weighted annual mean
observed Sea Surface Temperature data south of 40°S for the
HadISST1 spanning the years 1870 to 2022 reveals that the
primary EOF mode (EOF1, Figure 1A) of HadISST1 exhibits
predominantly positive values across the entire region south of
40°S, with minor cooling anomalies observed in the Bellingshausen
Sea and Amundsen Sea. The first principal component (PCl1,
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(HadISST1 dataset) EOF analysis results of sea surface temperature in the Southern Ocean from 1870 to 2022. (A—C) show the spatial temperature
anomaly distribution (corresponding to positive PC values) and the contribution rate for EOF1, EOF2, and EOF3, respectively. Red indicates positive
anomalies, while blue indicates negative anomalies. (D—F) show the corresponding time series fluctuations for each mode, with temperature

anomalies reversed when PC values are negative.

Figure 1D) exhibits a significant increasing trend, particularly
noticeable after 1942, and its temporal variability is highly
correlated with Global Temperature Anomaly (correlation
coefficient, R=0.84, p<0.01). The dominant spatio-temporal SST
variability in ERSSTV5 (Figure 2) closely resembles that of
HadISST1. The observed SST pattern in the Southern Ocean is
primarily characterized by widespread warming, which explains
half of the total variance (59.1% for HadISST1 and 43.33% for
ERSSTVS5). Furthermore, the regression coefficients between the
Global Temperature Anomaly and SST of HadISST1 demonstrate a
similar pattern to that of Empirical Orthogonal Function 1 (EOF1)
(Figures 3A, B). Due to the utilization of distinct data sources,
analysis procedures, and historical bias corrections by HadISST1
and ERSSTVS5, the strong agreement between them provides
assurance in interpreting this phenomenon as indicative of
“global warming”.

The second EOF (EOF2, Figure 1B) of HadISST1, accounting
for 7.4% of the total variance, displays a symmetric pattern
characterized by positive anomalies predominantly in regions
linked to the South Atlantic, along the coast of New Zealand, the
Ross Sea, and the Antarctic ice edge. Conversely, negative anomalies
are observed in the Bellingshausen Sea and Amundsen Sea. The
second principal component (PC2, Figure 1E) displays significant
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interdecadal variability, exhibiting prominent positive anomalies
between 1940 and 1980 and negative anomalies from 1980 to 2022.
The spatial and temporal variability of the EOF2 and its
corresponding principal component in the HadISST1 dataset
closely resemble the EOF3 of ERSSTV5 (Figure 2C), which
accounts for 7.31% of the total variance in ERSSTV5.

The regression coefficients between AMO and SST of HadISST1
exhibit similar pattern as EOF2. Furthermore, the temporal variation
of PC2 is highly correlated to AMO. In short, EOF2 of HadISST1 and
EOF3 of ERSSTV5 are mainly dominated by the AMO Figures 3C, D.

However, it should be noted that the AMO leads the PC2 of
HadISST1 by approximately 4 years (Figure 4). The delayed impact of
AMO on SST in the Southern Ocean could be attributed to the
gradual propagation of Rossby waves. The AMO is the primary mode
of interannual sea surface temperature variability in the Atlantic
Ocean, exhibiting a period of around 60 years (Schlesinger and
Ramankutty, 1994). The AMO can impact the Southern Ocean by
modifying circulation patterns in the North Atlantic (Simpkins et al.,
2016). The positive phase of the AMO is associated with the
strengthening of North Atlantic eddies and the circulation in
the Celtic Sea, leading to the generation of remote Rossby waves in
the Southern Ocean. These Rossby waves disturb the circulation
patterns in the Southern Ocean, consequently altering the
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(ERSSTV5 dataset) EOF analysis results of sea surface temperature in the Southern Ocean from 1870 to 2022. (A—C) show the spatial temperature
anomaly distribution (corresponding to positive PC values) and the contribution rate for EOF1, EOF2, and EOF3, respectively. (D—F) show the

corresponding time series fluctuations for each mode

distribution of SST and heat transport (Simpkins et al., 2014). The
delayed response of the Southern Ocean SST to the AMO can be
explained by the time needed for distant atmospheric teleconnections
to occur and the sluggish propagation of Rossby waves, which can
take several years to reach the Southern Ocean (Zhang et al., 2017).
Moreover, the Southern Ocean is situated at high latitudes south of
the equator, and its distinctive seasonal distribution may lead to a
delay in the expression of the AMO signal in the SST of the Southern
Ocean. The seasonal fluctuations and specific features necessitate a
prolonged period for the Southern Ocean to react to the AMO signal.
The EOF3 of HadISST1 (Figure 1C), explaining 5.97% of the total
variance, shows positive anomalies in the peripheral areas of the
Southern Ocean, particularly between latitudes 50°S and 40°S, as well
as in the Bellingshausen Sea and the Amundsen Sea. Conversely,
negative anomalies are observed in the waters off the western coast of
Australia and in the southern Indian Ocean, displaying a symmetrical
pattern. The principal component PC3 (Figure 1F), which displays
significant interannual variability, is strongly correlated with the El
Nino-Southern Oscillation (ENSO index, SOI). In addition, the
regression coefficients between SOI and SST in HadISST1 exhibit a
similar pattern to the EOF3 of HadISST1. Therefore, we suggest that
this SST pattern is primarily influenced by ENSO Figures 3E, F.
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Previous research has demonstrated that the ENSO can impact
the Southern Ocean. ENSO events lead to convective heating in the
tropical atmosphere, causing abnormal pressure changes that move
towards the south and east. These pressure fluctuations interact
with the Amundsen Sea Low (ASL) system, affecting SST in the
Southern Ocean through wind-induced and thermodynamic
reactions. This effect is also apparent in simulations of future
climate change (Li, 2000; Ciasto and England, 2011; Wang et al,,
2022). ENSO events can induce anomalous variations in sea surface
temperatures in the equatorial Pacific, subsequently influencing sea
surface temperatures in the Southern Ocean via ocean currents.

During El Nifio events, the elevated SST in the central-eastern
equatorial Pacific induce alterations in atmospheric circulation,
causing a rise in SST in the eastern sector of the Southern Ocean.
Conversely, during La Nifa events, the reduction in SST in the
central-eastern equatorial Pacific leads to a decline in SST in the
eastern part of the Southern Ocean (Wang et al., 2017; Ferster et al.,
2018). These changes align with the temperature anomalies
identified in EOF3 (Figure 1C). Consequently, the findings of the
third mode further substantiate the impact of ENSO events on
temperature fluctuations in the Southern Ocean, albeit the
contribution is relatively minor.
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(HadISST1 dataset) Spatial correlation between relevant indicators and sea surface temperature in the Southern Ocean in the EOF analysis from 1870
to 2022. (A, C, E) show the correlation analysis between GTA (Global Temperature Anomaly), AMO, SOI, and PC1, PC2, PC3, respectively, in terms of
time scale. (B, D, F) show the spatial correlation distribution between Southern Ocean SST and GTA, AMO, SOI, respectively.

Both HadISST1 and ERSSTV5 dataset clearly reveal the dominant
role of global warming on the SST of the Southern Ocean over the past
century (Figures 1, 2). This warming anomaly is more obvious after
1942. However, recent studies based on satellite data have shown a
cooling trend in the Southern Ocean since 1982 (Yang et al., 2023),
which appears to contradict to the warming trend indicated by EOFI.
According to our results, the PC2 of HadISST1 and PC3 of ERSSTV5,
which were interpreted as SST mode influenced by AMO here, shifted
to negative phase after approximately 1980. Therefore, we propose that
the negative phase of AMO since 1980 will possibly offset the warming
trend and resulting in cooling trending in the Southern Ocean.

4 Summary

The SST in the Southern Ocean plays a crucial role in the
global climate system, and its variations are influenced by multiple
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factors. By analyzing the HadISST1 and ERSSTVS5 datasets
(Figure 5) from 1870 to 2022 using the EOF method, we found
that the spatiotemporal characteristics of Southern Ocean SST are
closely related to global temperature anomalies, the AMO, and the
ENSO. Global temperature anomalies are identified as the primary
driver of Southern Ocean SST changes, exhibiting a persistent
increasing trend. In addition, both AMO and ENSO have
significant impacts on Southern Ocean SST, with a lagged
response of four years to AMO. The contributions of these two
modes differ between the two datasets, possibly due to variations
in data sources and resolutions. Specifically, since 1980, there has
been a clear global warming trend; however, the negative phase of
AMO and the positive phase of ENSO may have counteracted the
effects of global warming, leading to a cooling trend in Southern
Ocean SST since 1980. These findings suggest that global
warming, AMO, and ENSO are the primary factors influencing
Southern Ocean SST variations.
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Wind-borne dust supply of iron (Fe) to the oceans plays a crucial role in Earth's
biogeochemical cycles. Iron, a limiting micronutrient for phytoplankton growth, is
fundamental in regulating ocean primary productivity and in turn the global carbon
cycle. The flux of bioavailable Fe to the open ocean affects oscillations in
atmospheric CO, due to its control on inorganic carbon fixation into organic
matter that is eventually exported to the sediments. However, the nature of dust-
delivered Fe to the ocean and controls on its bioavailability remain poorly
constrained. To evaluate the supply of wind-borne bioavailable Fe and its potential
impact on Fe-based climate feedbacks over the last 120,000 years, we examine
sediment profiles from four localities that define a proximal to distal transect relative
to Saharan dust inputs. Bulk §°°Fe isotope compositions (average = -0.05%.) and
Fet/Al ratios suggest crustal values, thus pointing to a dominant dust origin for the
sediments at all four sites. We observed no variability in grain size distribution or in
bioavailable Fe supply at individual sites as a function of glacial-versus-interglacial
deposition. Importantly, there is no correlation between sediment grain size and Fe
bioavailability. Spatial trends do, however, suggest increasing Fe bioavailability with
increasing distance of atmospheric transport, and our sediments also indicate the
loss of this Fe and thus potential bioavailability utilization once deposited in the
ocean. Our study underscores the significance of Fe dynamics in oceanic
environments using refined speciation techniques to elucidate patterns in Fe
reactivity. Such insights are crucial for understanding nutrient availability and
productivity in various ocean regions, including the Southern Ocean, where wind-
delivered Fe may play a pivotal role. It is expected that dust delivery on glacial-
interglacial timescales would be more pronounced in these high-latitude regions.
Our findings suggest that studies linking Fe availability to marine productivity should
benefit significantly from refined Fe speciation approaches, which provide insights
into the patterns and controls on Fe reactivity, including atmospheric processing.
These insights are essential for understanding the impacts on primary production
and thus carbon cycling in the oceans and consequences for the atmosphere.
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1 Introduction

As the dominant source of iron (Fe) to the open oceans (Fung
et al., 2000), wind-borne (aeolian) dust is an integral part of Earth’s
climate system. Iron, an essential micronutrient, plays an important
role in regulating the oceanic biological pump due to its limited
bioavailability for phytoplankton in large regions of the ocean
(Martin and Fitzwater, 1988; Jickells et al., 2005). Consequently,
Fe bioavailability exerts a strong control on levels of atmospheric
carbon dioxide (CO,) and climate on global scales (Joos et al., 1991;
Baker et al., 2003; Boyd and Ellwood, 2010). North Africa is one of
the primary sources of dust to Earth’s atmosphere, where it is
subsequently deposited in the oceans and on continents
(Engelstaedter et al., 2006). Downwind from North Africa, dust-
driven fertilization may enhance long-term productivity in Western
Atlantic regions including Amazon rain forests and Floridian,
Bahamian, and Caribbean coral reefs and water columns (Shinn
et al.,, 2000; Muhs et al., 2007; Bristow et al., 2010; Prospero and
Mayol-Bracero, 2013; Swart et al., 2014; Yu et al, 2015). More
generally, transport-dependent enhancement of iron bioavailability
may have been a factor in determining the loci of primary
productivity in the oceans throughout Earth’s history.

Importantly, not all dust-borne Fe is bioavailable in the ocean,
and the processes that enhance Fe bioavailability are not well
understood. Atmospheric deposition of Fe in the open ocean is
predominantly via fine-grained iron (oxyhydr)oxide (mostly as
grain coatings) and silicate minerals (Raiswell and Canfield,
2012). Previous studies have suggested that the chemical
properties of Fe in atmospheric dust are often grain size-
dependent (Hand et al., 2004; Baker and Jickells, 2006; Ooki
et al., 2009). Furthermore, with longer transport times in the
atmosphere, Fe solubility (and consequently Fe bioavailability)
should increase via atmospheric processing, principally involving
acid production via photochemistry (Hand et al., 2004). The
signatures of these processes, however, are yet to be explored
systematically in modern sediments using carefully calibrated iron
extraction techniques or other chemical fingerprints. Instead, past
studies have often characterized potentially soluble iron (Feg,) as
bioavailable Fe, emphasizing reactive minerals such as ferrihydrite
(Wells et al, 1983; Fan et al, 2006). However, ferrihydrite is
thermodynamically unstable and will transform into more stable
phases on diagenetic timescales, including (oxyhydr)oxides such as
goethite, hematite, and magnetite, or other secondary phases such
as pyrite and Fe-carbonates. The critical implication is that
measured values for the residual, most reactive phases in
sediment cores may underestimate the total original reactive Fe
pool (Schwertmann et al., 2004).

Here, we have adopted a scheme for iron speciation that is more
inclusive of Fe phases that may have been bioavailable prior to
transformations in seawater and early lithification. We define a
broader array of Fe mineral pools as being highly reactive (Feyr)
because their precursors may have initially been bioavailable. These
mineral phases consist of (a) carbonate Fe (plus weakly bound,
surface Fe); (b) amorphous and crystalline Fe oxides and (oxyhydr)
oxides such as ferrihydrite, goethite, and hematite; (c) magnetite Fe;
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and (d) pyrite (Poulton and Canfield, 2005). We normalize Feyg to
total Fe (Fer) to identify relative enrichments or deficiencies in the
Fegr pool compared to the entire Fe contents. These Feygr/Fer
ratios are robust against potential artifacts of dilution (e.g., by
carbonate or biogenic silica), which can otherwise obscure
interpretations of absolute concentrations. It is important to note
that substantial portions of all these phases may have formed by
mineral transformation of initially soluble and bioavailable
precursor phases following deposition (Benner et al., 2002).
Therefore, Feyg effectively serves as upper limit proxy for the
residual concentration of the initial bioavailable Fe (Sur et al,
2015; Sardar Abadi et al, 2020). While this approach may
overestimate the original bioavailable Fe pool due to inputs such
as detrital magnetite, it provides a comprehensive baseline against
which enrichments and depletions in formerly bioavailable forms
can be assessed. This approach is conservative, in terms of
percentages, because percent loss from Feyr would be low relative
to the loss from the smaller amount of the most soluble original Fe
(Feso1). However, sediment cores are unlikely to contain significant
amounts of these original phases due to expected rapid diagenetic
transformations, which contribute to the various Feyg pools.

Several recent studies have addressed the controls and
distribution of recent aeolian bioavailable Fe in the oceans and
subsequent climate feedbacks (Lis et al., 2015; Shoenfelt et al., 2018;
Thole et al.,, 2019), including grain size controls on aerosol Fe
solubility (Baker and Jickells, 2006; Mackie et al., 2006; Trapp et al.,
2010), but none has focused on characterization, spatial trends, and
grain size relationships as preserved in marine sediments over
glacial-interglacial cycles. To isolate trends in aeolian bioavailable
iron in marine sediments, four sample locations that preserve
marine sedimentary records of African dust export were
strategically selected from International Ocean Discovery
Program sites (IODP or previous iterations of the program—ODP
and initial IODP) to provide a wide spatial distribution in the
Northern Atlantic Ocean from core repositories (Figure 1) from the
last glacial period to present (about the last 120,000 years). We use
bulk Fe isotopes to identify the potential end-member sources to
these sites. Additionally, we examined grain size characteristics and
quantified various Fe pools to assess controls on bioavailable Fe
distribution. We document that dust-borne Fe at distal sites
experiences enhanced atmospheric processing, leading to an
increase in Feg,, which was readily available to primary
producers (Hassler et al., 2011; Borchardt et al., 2019).
Instantaneous consumption of Feg, could have stimulated
primary productivity. The net effect would be increases in the
overall impact with increasing distance from the Saharan source,
which may also reduce Fe delivery to the sediments.

2 Material and methods
2.1 Study sites

The four locations studied are sites 658 (21°N, 19°W) and 659 (18°
N, 21°W) from ODP expedition 108, located on top of the Cape Verde

frontiersin.org


https://doi.org/10.3389/fmars.2024.1428621
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Kenlee et al.

60 N

40N

20N

2.0

5.0

Dust flux (g m2 y-1)

FIGURE 1

Locations of IODP sites 658, 659, 1062 and 1063 with Fe data. Base map shows estimates for dust deposition (g m™2 y'l) — specifically transport of
African dust across the surface ocean. Dust flux data are from Jickells et al. (2005), Mahowald et al. (1999), and Ginoux et al. (2001); all other data
are from this study. Highly reactive Fe (Feyg) for each site is normalized to total Fe (Fet) to distinguish relative enrichments or deficiencies in the
Fepr pool. Also shown are the Fe isotope compositions (8°°Fe) to constrain different sources of Fe.

Plateau near the northwest African continental margin, and sites 1062
(28°N, 74°W) and 1063 (33°N, 57°W) from the sediment drifts of the
western North Atlantic Ocean as part of ODP Leg 172. The sites were
selected because they span a wide portion of the Northern Atlantic
Ocean (Figure 1). The marine sedimentary records of North African
dust export offer the advantage of continuous sedimentation
(Tiedemann et al,, 1989; Giosan et al,, 2002). These sites range from
proximal to distal relative to the Sahara Dust Corridor source region.
The average time resolution of the four records is about 4 kyr/sample
covering the last glacial period to present (over the last 120,000 years)
(Supporting Information).

2.2 Dust deposition average

Calculations of dust deposition (g m™ y') were obtained from
the average of three models (Mahowald et al., 1999; Ginoux et al.,
2001; Jickells et al., 2005) (Supplementary Table S7) to represent
our best approximations of dust delivery.

2.3 Grain size analysis

Grain size distribution (GSD) in marine sediments are often
used as a measure of dust delivery (Blott and Pye, 2001; Harrison
et al., 2001; Baker et al., 2006; Ooki et al., 2009). Samples were dried
at 80°C. Dry sieving was carried out for 15 minutes using a tapping
sieve shaker (RO-TAP) equipped with a set of stainless-steel sieves.
Short sieving times prevented the formation of aggregates due to
electrostatic interactions and interparticle cohesion. Each fraction
was weighed and recorded. Particle size distribution is represented
graphically using a cumulative distribution curve and the D value
method (S. J. Blott and Pye, 2001) from GRADISTAT (Blott, 2000).
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Site

® 658

Fe 1.73wt%
Fe, /Fe 0.36
5°%54Fe -0.06%0

@659

Fe, 1.76wt%
Fe,./Fe, 0.26
5%5Fe -0.05%o

@ 1062
Fe, 3.86Wt%
Fe,/Fe, 0.12

30 W 0 5%9%Fe -0.05%0

10.0 20.0 50.0

@ 1063

Fe, 4.29wt%
Fe,./Fe; 0.14
5%/5Fe -0.03%o0

Samples were divided into >45um (bulk), 45 to 20um, and<20pum
size fractions.

2.4 Iron speciation and iron
isotope analysis

We used a state-of-the-art sequential Fe extraction procedure
modified from Poulton and Canfield (2005) to characterize the Fe
phases present (Fen, ac Fepin, and Feoy), including minerals that
might have formed diagenetically from initially bioavailable Fe. All
Fe extracts were analyzed by inductively coupled plasma-mass
spectrometry (ICP-MS; Agilent 7500ce) with H, and He modes in
the collision cell, diluted with trace-metal grade 2% HNO; to
enhance Fe detection by reducing interferences, thereby
improving the accuracy of analytical results.

A multi-acid digest was performed to determine total solid-
phase iron (Fer) and aluminum (Al) concentrations. Dried samples
were ashed at 550°C, and a standard three-step digestion was
performed using trace metal grade HF, HNO;, and HCI at 140°C.
This way, the potential bioreactivity of the Fe can be expressed as a
fraction of the total Fe pool. Final concentrations were determined
using the same ICP-MS. Reference standards SDO-1 (Devonian
Ohio Shale) and SCO-1 (Cody Shale) were digested and analyzed in
parallel with the sample extractions and yielded errors of
less than<4%.

Splits from the multi-acid digest were used to measure the Fe
isotope composition of the bulk sample (§°°Fer). Iron isotopes were
analyzed at all four sites, resulting in total of 38 isotopic analyses
(Supplementary Table S11) Anion exchange resin and a standard
ion chromatography protocol were used for Fe separation to
eliminate matrix effects (Skulan et al., 2002; Arnold et al., 2004).
Column yields were carefully monitored using the Ferrozine
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colorimetric method with UV-Vis spectrophotometry (4 = 562 nm)
(Viollier et al., 2000) before and after chromatographic purification,
ensuring only samples with yields >95% were used for isotopic
analysis. Isotopic compositions were measured on a Neptune
Thermo Scientific MC-ICP-MS (Multiple Collector-Inductively
Coupled Plasma-Mass Spectrometer) at Rutgers University,
applying the method of Arnold et al. (2004). Samples were
introduced as a 1 ppm solution using a cyclonic spray chamber.
Mass bias during the analysis was corrected using a Cu elemental
spike, and standard reference material IRMM-014 served as a
bracketing standard between each sample for accurate mass bias
correction. The blank procedure involved spiking the blanks post-
column separation to prevent overestimation of the procedure
blank from incomplete spike recovery, ensuring accurate
accounting of any blank contributions and preventing
inaccuracies in the final results. The iron isotope composition
(8°°Fe) is defined as follows:

567, /54

Fe/”"Fe

556Fe%0 _ Hﬂ —1x 1,000,
(*°Fe/”"Fe) mani-14

where the 8°Fe is reported relative to IRMM-014 reference
material. The measured Fe isotope composition of IRMM-014 is
556FeT =-0.09%o on this scale, with an internal precision of
+0.06%o0 (20).

2.5 Carbon concentrations

Sedimentary total carbon (TC) was analyzed by combustion
using an Eltra CS-500 carbon-sulfur analyzer. Total inorganic
carbon (TIC) was determined by acidification of a split of the
sample. Total organic carbon (TOC) content was calculated as the
difference between TC and TIC. The Eltra limestone geostandards
AR4007 and AR4011 were analyzed routinely, with values falling
within reported ranges and deviating less than<5%. Geo-reference
standards AR4007 (carbon = 7.58%) and AR4011 (carbon = 8.91%)
were used for analytical calibration and quality control. Calcium
carbonate concentrations (CaCO3), as weight percent (wt. %), were
calculated from the measured TIC content assuming that all evolved
CO, was derived from the dissolution of CaCOs:

CaCOz(wt. %) = TIC x 8.33 (wt. %)

Standard CaCOj3 (>99.9% calcium carbonate, Fisher Scientific)
was used during individual batches of analyses to confirm accuracy
and instrument performance before, during, and after each run
(with reproducibility better than 3%). No correction was made for
the presence of other carbonate minerals.

2.6 Statistical analysis
The analysis of variance (ANOVA), the F-test, and t-tests were
conducted to determine whether there is a significant difference of

bioavailable Fe distribution between proximal and distal sites and to
assess any dependence of Feyr/Fer with grain size (Montgomery
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etal., 2009; Haynes, 2013). The 95% confidence interval was used in
all analyses (see Supplementary Information for grouping rationale
and sensitivity analyses).

2.7 Aerosols optical properties

Aerosol optical depth (AOD) data are from the MIRS—Multi-
angle Imaging SpectroRadiometer (https://misr.jpl.nasa.gov/
getData/accessData/). These data provide a benchmark for
calibrating models and interpreting sediment records that span
long-term geological timescales. The averaged concentration of
AOD between 2009-2019 over the North Atlantic Ocean was
utilized to provide an estimate of atmospheric African dust
deposition to the North Atlantic Ocean. Modern AOD data help
bridge temporal scales, offering historical perspectives on changes in
dust patterns and aerosol loading, while sediment cores offer long-
term insights into dust deposition and iron (Fe) content over
glacial-interglacial cycles.

2.8 The ecoGENnIE model

To model the relationship between Fe flux and primary
productivity dynamics, we used the ecoGEnIE paleoclimate
model, an extension of cGEnlE—a carbon-centric, Grid Enabled
Integrated Earth system model featuring comprehensive marine
biogeochemical uptake (Ward et al., 2018). ecoGEnIE incorporates
a scheme for plankton ecology (ECOGEM) with a size-dependent
control on the plankton biogeochemical function (Ward et al,
2018). This addition allows for a better representation of
biodiversity, including ecosystem shifts in response to
environmental forcing. ecoGEnIE provides dynamic simulations
of nutrient usage in response to availability. For our purposes, we
used cGEnlE/ecoGEnIE default configurations (Ridgwell and
Hargreaves, 2007).

3 Results and discussion

3.1 Iron supply from the North African dust
to the North Atlantic Ocean

Iron isotope data (§°°Fe) can be a powerful way to constrain the
Fe sources to the oceans over Earth history (Beard et al.,, 2003;
Waeles et al., 2007; Owens et al., 2012; Conway et al., 2019). The
average bulk §°°Fe values for samples from all four sites (-0.05 +
0.02%o; 2-standard deviations) is consistent with continentally
derived dust (Figure 1, Supplementary Table SI) given the
similarity to the §°°Fe composition of most silicate rocks (Beard
et al., 2003; Dauphas and Rouxel, 2006; Waeles et al., 2007; Conway
and John, 2014). The Fer/Al ratio of 0.55 + 0.02 also overlaps with
the mean Fer/Al ratio for terrigenous sediments and average
continental crust (0.55 + 0.11; Martinez et al., 2007), suggesting
no significant hydrothermal contribution, which typically has a
8°°Fe similar to crustal values but has a Fer/Al >2.00 (Clarkson
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etal, 2014; Raiswell et al., 2018a). Our average Al/Ti ratio of 18.9 +
0.78 is also consistent with an aeolian origin for our samples
(Yarincik et al., 2000).

The potential Fe bioavailability can be explored by speciation
studies, which are broadly linked to Fe phases in the sample (Shi
et al, 2009). The concentrations of Fe extracted using sodium
acetate (Fen, ac) comprised 0.5-2.9 wt.% of Fer (Supplementary
Tables S2a-d, S3a-d). Although Poulton and Canfield (2005) used
Fena-ac to remove carbonate-bound Fe, their data show that minor
amounts are also removed from iron-bearing silicates. We
confirmed this possibility by extracting a range of Fe-bearing
silicates with sodium acetate (Supplementary Table S4),
suggesting that acetate removes a minor fraction of Fe from such
minerals—potentially from weakly bound surface sites (Heron et al.,
1994; Raiswell et al., 2018b). This silicate-associated pool has been
documented to be readily bioavailable (Shoenfelt et al., 2017)
because Fe(II)-rich silicate minerals can enhance diatom growth
as well as photosynthetic efficiency. However, this silicate-bound Fe
fraction is very small relative to the other potentially bioavailable
pools we now discuss. A dithionite Fe extraction (Fepjy),
dominantly representing Fe (oxyhydr)oxide minerals, removed
8.6 to 21.6 wt.% of Fer (Supplementary Tables S2a-d, S3a-d).
Previous studies have considered Fep;y, to be an effective measure
of potentially bioavailable iron from aeolian dust particles (Fan
et al., 2006; Baker and Croot, 2010). An oxalate Fe extraction (Feoy)
mainly targets Fe in magnetite and ranges from 5.4-12.1 wt.% of Fer
(Supplementary Tables S2a-d, S3a-d). If delivered unaltered to the

10.3389/fmars.2024.1428621

ocean, rather than forming during diagenesis, magnetite would
likely represent refractory (insoluble) iron in surface seawaters.
On the broadest scales, an overall increase in atmospheric dust
deposition occurs during glacial intervals due to an expansion in the
source areas (Mahowald et al., 1999) and stronger winds (McGee
et al,, 2010) that consequently influence the supply of bioavailable
Fe to the open ocean. However, at low latitudes, there is no
significant glacial-interglacial trend in dust input (Maher et al,
2010). Iron bioavailability in marine systems is linked to
complexation with prokaryotic-released organic compounds, such
as siderophores, polycarboxylate ligands (Barbeau, 2006; Shaked
and Lis, 2012), and saccharides (Hassler et al., 2011). Thus, a
fraction of this delivered Fe pool should be bioavailable. Our
analyses of Fer, Feyr/Fer, and total organic carbon (TOC) at
each site have limited to no statistically relevant stratigraphic
variation over the last glacial period to the present (p>0.05)
(Figure 2, Supplementary Tables S10a-d). Further, the TOC
contents argue against productivity that is enhanced in one
interval relative to the other (glacial versus interglacial). This
combination of data suggests that there is little or no temporal
variation at low latitudes on glacial-interglacial timescales.
Importantly, however, past studies have suggested that downwind
locations may be impacted biologically by the enhanced solubility of
delivered Fe, such as the Bahamas and Amazon region (Shinn et al.,
2000; Muhs et al., 2007; Bristow et al., 2010; Muhs et al., 2012;
Prospero and Mayol-Bracero, 2013; Swart et al., 2014; Yu et al,,
2015). Consistent with this possibility, our data document a
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FIGURE 2

Age profiles for iron (Fe) in IODP cores 658 (red), 659 (orange), 1062 (blue), and 1063 (green) showing glacial-interglacial relationships. Gray bars
indicate climatic events of importance for the Last Glacial Period (extending back ~ 120,000 years) as recorded in polar ice cores. MIS refers to
marine isotope stages. Total Fe (Fet) is shown as filled, connected circles for each site. Highly reactive (Fenr) consists of carbonate Fe (plus weakly
bound surface Fe); amorphous and crystalline Fe oxides and (oxyhydr)oxides such as ferrihydrite, goethite, and hematite; and magnetite Fe. Feyr
data are normalized to total Fe (Feq) to distinguish relative enrichments or deficiencies in the Feyr pool. FeHR/Fer ratios are expressed in terms of

grain size populations.
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transport-dependent process that would also be relevant to other
regions, such as the south Atlantic, and time intervals that are
characterized by Fe limitation. Moreover, our data suggest
atmospheric pathways to enhanced reactivity that are relatively
constant, at least at low latitude, under glacial versus interglacial
global climatic regimes (see discussions below). The glacial-
interglacial uniformity we observe implies consistency in sourcing
and processing during transport despite temporal differences in
weathering relationships in the source regions and wind patterns,
among other varying controls (McGee et al., 2013). Additional work
is necessary to demonstrate whether the observed relationship is the
same for all source regions and latitudes. Importantly, however, this
surprising result is likely to influence future climate models for this
region and potentially beyond.

3.2 Downcore Fe geochemistry and grain
size distribution

The bioavailable Fe supply in sediments as a function of grain
size distribution (GSD) during glacial-interglacial periods could
have important impacts on marine primary productivity
(Mahowald et al., 2014). Therefore, we determined the GSD at all
four sites by dry sieving (Supplementary Figure SI, Supplementary
Table S5). A statistical one sample t-Test was carried out for all four
sites to test the variability of GSD during glacial and interglacial
periods, (n=128; Figure 2 and Supplementary Table S9). The p-
values for proximal sites 658 and 659 are 0.88 and 0.76, respectively,
and 0.72 and 0.19 for distal sites 1062 and 1063, respectively. The
end member p-values suggest that variability in GSD over glacial-
interglacial timescale is not statistically significant for any of the
four sites, consistent with previous findings that the flux of low-
latitude Saharan dust does not vary significantly over these
timescales (Maher et al., 2010; Skonieczny et al., 2019).

Previous work has suggested that Fe bioavailability is grain size-
dependent, primarily due to the greater surface-area-to-volume
relationship of small grains of atmospheric dust (Mahowald et al.,
2018). Greater relative surface areas for small-sized particles could
support proportionally larger surface alteration during transport
and associated coatings of soluble Fe. To test for statistically
significant differences of bioavailable Fe distribution for GSD in
our drill-core sediment samples, Feyr/Fer (n=394) were compared
using an analysis of variance (ANOVA) and a t-test (see
Supplementary Information for grain size rationale and sensitivity
analyses). We found no statistically significant differences in Feyjg/
Fer with grain size at a given location (Supplementary Tables S8a-
d). For example, the ANOVA for site 658 shows no significant
dependence (p<0.05), with an f-critical value of 2.80e™ and a p-
value of 1.0 among the various grain sizes. The ANOVA data for site
659 have an f-critical value of 1.13 and a p-value of 0.33, which is
also not significant at p<0.05. Sites 1062 and 1063 also show no
significant dependence at p<0.05, with f-critical values of 1.12 and
0.99 and p-values of 0.33 and 0.37 for sites 1062 and 1063,
respectively. The negligible variability in potentially bioavailable
Fe distribution as a function of GSD in these sediments from each
site is likely due, at least in part, to the particles having experienced
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many series of aggregation and disaggregation as they settled
through the water column (Bacon et al., 1985)—thus the larger
particles in the sediments are mostly aggregates of finer original
materials (Anderson et al, 2016) but initially were larger but
through disaggregation and then aggregation have been modified.
Consistent with the possibility, our the Feyr/Fer ratios of larger
grains are similar to those of smaller particles i.e. showing no
significant locality relation between GSD and Fe geochemistry
(Supplementary Figure S3). Importantly, the results from these
cores do not suggest there is a statistical difference in grain size
variations related to in Fe reactivity among grains of differing
primary size.

3.3 Spatial trends in potentially bioavailable
Fe distribution

North African dust is carried great distances over thousands of
kilometers, as would be true for any ocean basin. Because
atmospheric transport is a size-selective process (Pye, 1989),
proximal and distal Fe dust can be distinguished by the grain-size
distributions related to distance from the source, whereby dust
particle size decreases with increasing distance (Mahowald et al.,
2014). Average particle size distributions for our samples show a
decrease of ~20% in grain size (Supplementary Table S5) and a
corresponding increase of ~30% in surface area (Supplementary
Table S6) from proximal to distal sites. Small particles have a longer
lifetime in the atmosphere and thus experience enhanced
atmospheric processing (chemical and/or photochemical), likely
leading to an increase in the solubility (Feg,)) of Feyr (Spokes et al.,
1994; Desboeufs et al., 2001; Shi et al., 2009). This suggests these
grains are disaggregated primary grains where the finer distal grains
(as suggested by grain size analyses) have traveled farther -
increasing processing time. Thus, these finer distal grains have
high surface are-to-volume ratios, which also favors the extent
of processing.

Our measurements show a systematic decrease in Fepr/Fer
from proximal to distal sites (Figure 3A). Importantly, suggestions
of lower total Fe concentrations at proximal sites (Figure 3B) mostly
reflect increased carbonate dilution at those locations. Detailed
insight into Fe behavior is provided by our Fep;y, data, which
show the greatest decrease, from 21.5 wt.% and 15.5 wt.% of Fer at
proximal sites 658 and 659, respectively, to 9.0 wt.% at both distal
sites (1062 and 1063; Supplementary Tables S2a-d and S3a-d). We
suggest that our Feyr/Fer ratios decrease with increasing transport
due to enhanced Fe solubility via atmospheric reactions (Oakes
et al,, 2012), leading to dissolution in seawater and likely uptake of
the bioavailable Fe by primary producers in the surface ocean at
these distal sites. Bioavailable Fe delivery and utilization from
primary producers has been observed in this general region of the
Atlantic previously (Borchardt et al., 2019) and has been suggested
for transport of Fe to oligotrophic lakes in Spain (Bhattachan et al.,
2016). Modern dust transport from the Saharan desert to
the Atlantic shows seasonal differences. In the boreal summer,
the trade winds typically carry dust from northern Africa to the
Caribbean, while in winter, transport shifts south toward the
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(A) Feyr/Fer versus Fer for proximal (658-red and 659-orange) and
distal (1062-blue and 1063-green) sites. Note the systematic
decrease in Feyr/Fer from proximal to distal sites. (B) Fer versus
CaCOs for proximal and distal sites. The effects of carbonate
dilution on Fer are confirmed by a steep inverse relationship
between Fer and CaCOz content across all sites and in all size
fractions. Samples with grain size >45um (bulk), 45 to 20um,
and<20um are shown as a circles, triangles, and squares,
respectively. There is no significant difference in Feyr/Fer among
the grain size populations from a given site

Amazon Basin (Bakker et al., 2019). This relationship indicates that
the central and western Sahara are significant dust sources in the
productive summer, while the Sahel region contributes more dust to
the Caribbean during the winter. (Figure 4A). Furthermore, the
aerosol optical depth (AOD) decreases progressively from the
Sahara Desert to the open ocean. Continued research on seasonal
dust transport variation is crucial for a comprehensive
understanding of these dynamics and the seasonal impacts,
particularly since these may evolve due to climate change. The
ecoGEnle model suggests significant increases in Fe flux (Figure 4B)
in these distal locations, underscoring the significant role of dust
deposition. This scenario, based on limited data, is thought
provoking and highlights an area of research that should be
explored. Evaluating our experiments, we confirm that lower Fe
concentrations may indeed reflect higher carbonate dilution in
these specific locations. However, full quantification of the loss of
soluble Fe and the role of transport in Fe bioavailability will require
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more information about the North African dust source region
(Huneeus et al., 2011; McGee et al, 2013), post-depositional
processing of the Fe (Bressac and Guieu, 2013; Meskhidze et al,
2019), biogeochemical conditions of the surface seawater (Boyd and
Ellwood, 2010), and atmospheric processes (Baker and
Croot, 2010).

Further, it is important to consider alternative
interpretations of our data. For example, the Fe content of
analyzed dust samples could decrease downwind of North
Africa, as described by Zhang et al. (2015), due to selective,
progressive loss of heavier hematite-rich grains through
gravitational settling during transport in the atmosphere. In
truth, many of our observations are consistent with this
possibility, and it may play a role, but there are other
observations that are less consistent. First, it is not clear that
the trend observed in Fe deposition in Zhang et al. (2015) is an
expression of hematite availability. Other Fe phases, in
particular Fe (oxyhydr)oxides, are likely a substantial part of
the Fe pool in the dust—both as original constitutes from the
source region and as products of atmospheric reactions.
Importantly, these phases are approximately half as dense as
crystalline hematite and would be decidedly less vulnerable to
differential settling effects during transport. Moreover, soil
hematite, the likely source of dust, would also be less dense
than well-crystallized hematite, and these Fe phases are likely to
be only a small part of the total grain mass (discrete Fe oxide
grains are rare; Poulton and Raiswell, 2005). Further, hematite
and other Fe(III) phases are often present as coatings on
aluminosilicate grains that tend, if anything, to have lower
densities than other silicates.

Our detailed speciation provides additional insight.
Specifically, we see the same distal trends in our data from the
acetate extraction, which does not target hematite but instead
extracts more reactive, less dense Fe (oxyhydr)oxide phases.
Finally, we also do not observe a difference in Fe chemistry as a
function of grain size, in contrast to expected transport-related
physical sorting that is controlled by grain size and/or density.
These observations do not preclude other important processes,
but they do leave us with our interpretation as the most
parsimonious explanation of the full range of observations.

4 Conclusion

The potential effects of iron fertilization via dust delivery
likely scale (although perhaps not linearly) with the total dust
input and the proportion of bioavailable (soluble) Fe present.
Our results show that while dust fluxes decrease with transport
distance, the solubility/bioavailability of the associated iron
increases downwind as a consequence of greater transport
distance and thus greater time of exposure to atmospheric
photochemical reactions that favor transformation to more
soluble Fe(III) phases as conceptualized in Figures 5A-F. The
decrease in Feyr/Fer ratios in downwind sediments fingerprints
a loss of bioavailable Fe upon deposition due to dissolution.
Despite lower dust fluxes compared to upwind sites (Figure 4A),
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(A) Modern dust transport over the North Atlantic Ocean. Map of dust aerosol optical depth (AOD) over the North Atlantic showing the transport of
African dust across the North Atlantic Ocean during the boreal summer [June-July-August-September (JJAS)] and boreal winter [December-
January-February-March (DJFM)]. AOD is a measure of the extinction of the solar beam by dust and haze. It is a dimensionless number that is
related to the amount of aerosol in the vertical column of atmosphere over the observation location. (B) Uptake of Fe flux modeled using ecoGEnIE.
Gray arrow indicates the African dust that are carried from Northern Africa across the Atlantic Ocean.

our data are consistent with the idea of downwind loci of
elevated bioavailability of the iron that stimulated primary
productivity (Figure 4B). This enhanced reactivity at distal
sites is likely more important than the consequences of more
abundant inputs of less-soluble Fe upwind. Previous studies
have suggested enhanced biological activity linked to these Fe
patterns, including microbial response in the surface layers
(Borchardt et al., 2019), nitrogen fixation of the North
Atlantic Ocean (Moore et al., 2009), carbonate production in
Bahamas (Shinn et al., 2000), growth of the coral reefs in the
Caribbean (Swart et al., 2014), and the fertilization of Amazon
region (Bristow et al., 2010). For instance, Swart et al. (2014)
argued for dust-related stimulation of Fe-limited nitrogen-
fixing cyanobacteria in the Bahamas leads to local drawdown
of CO, and carbonate precipitation.

In summary, distal sites exhibit lower dust fluxes and total
Fe delivery but higher reactivity compared to proximal
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locations that are dominated by relatively insoluble phases
(Bhattachan et al., 2016), so that even high total dust fluxes
would result in relatively low delivery of bioavailable Fe. In
contrast, the distal sites receive less dust, but the Fe is highly
soluble and bioavailable because of distance-dependent
transport processing in the atmosphere. This Fe, we argue, is
lost upon deposition in the ocean, which results in the lower
residual ratio of reactive to total iron in the sedimentary record
compared to the sediments of the proximal sites. Beyond recent
impacts in the North Atlantic, our findings suggest that
enhanced of Fe bioavailability at distal sites could help
explain patterns of biological activity and organic
accumulation relative to dust source in other regions
throughout Earth history (Sardar Abadi et al., 2020). Our
study emphasizes the significance of exploring Fe speciation
to improve our understanding of Fe dynamics across various
temporal scales, including glacial-interglacial periods. This
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Generalized schematic of the iron biogeochemical cycle. The major source of Fe in the open ocean is dust delivered by the atmosphere. Fet: total,
Fenr: highly reactive Fe (at least partly bioavailable Fe at the time of deposition), and Fes: soluble Fe (bioavailable Fe that is readily used for primary
productivity). (A) Source of dust is from the Sahara Desert. (B) Wind eroding soils containing Fe oxides and silicates leads to transport of the dust
seaward. Coarse particles will sink rapidly, while smaller particles will travel further in the atmosphere and remain in the surface ocean longer. (C)
Atmospheric processing can increase Fe solubility and bioavailability. (D) In the ocean, Fesg is removed from the system via dissolution and is
assimilated by the phytoplankton. The dissolved Fe does not remain in solution in oxic seawater since oxidation to Fe(lll) is rapid, and seawater is
close to saturation with iron(oxyhydr)oxides. (E) Sediments of proximal sites show relatively low values for Fer due to carbonate dissolution and
relatively high Feso and Fepr/Fer. (F) Sediments at distal sites show decreases of Feso due to its dissolution and removal by primary producers in the
surface ocean, leading to low values for Fesy and Feyr/Fet in the underlying sediments.

insight contributes significantly to broader understandings of
oceanic and atmospheric carbon cycling. Hopefully, similar
studies will be undertaken in other regions, particularly in the
Southern Ocean, where nutrient availability may be abundant
but primary production is constrained by the availability of
reactive Fe. These sites would be influenced strongly by dust
and processes analogous to those discussed in this study.
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Organic carbon (OC) burial in the Antarctic marginal seas is essential for
regulating global climate, particularly due to its association with ice shelf
retreat. Here, we analyzed total OC (TOC), total nitrogen (TN), radiocarbon
isotope, n-alkanes and relative indicators in surface and core sediments from
the Ross Sea, West Antarctica. Our aim was to investigate spatial and historical
changes in OC sources, and to explore the influencing factors and implications
for ice shelf retreat since the last glacial maximum (LGM). Our results revealed
distinct spatial patterns of OC sources as indicated by n-alkane indicators in
surface sediments. In the Western Ross Sea, n-alkanes predominantly originated
from phytoplankton and bacteria, as evidenced by their unimodal distribution,
low carbon preference index (CPI) of short-chain n-alkanes (CPI_ = 1.41 + 0.30),
and low terrestrial/aquatic ratio (TAR = 0.22 + 0.14). In the Southwest Ross Sea,
n-alkanes were derived from marine algae and terrestrial bryophytes, indicated
by bimodal distribution, low ratio of low/high molecular-weight n-alkanes (L/H =
0.62 + 0.21), low CPI of long-chain n-alkanes (CPI = 1.18 + 0.16), and high TAR
(1.26 + 0.66). In contrast, the Eastern Ross Sea exhibited n-alkanes that were a
combination of phytoplankton and dust from Antarctic soils and/or leaf waxes
from mid-latitude higher plant, as suggested by both unimodal and bimodal
distributions, high L/H (1.60 + 0.58) and CPIy (2.04 + 0.28), and medium TAR
(0.61 + 0.30). Geologically, during the LGM (27.3 — 21.0 ka before present (BP)),
there was an increased supply of terrestrial OC (TOC/TN = 13.63 + 1.29, bimodal
distribution of n-alkanes with main carbon peaks at nC47/nCy9 and nC,;). From
21.0 to 8.2 ka BP, as glaciers retreated and temperatures rose, the proportion of
marine n-alkanes significantly increased (TOC/TN = 9.09 + 1.82, bimodal
distribution of n-alkanes with main carbon peaks at nC,3/nCy9 and nCss). From
8.2 ka BP to the present, as the ice shelf continued to retreat to its current
position, the marine contribution became dominant (TOC/TN = 8.18 + 0.51,
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unimodal distribution of n-alkanes with main carbon peak at nC47/nC1g/nC19, and
low TAR (0.41 + 0.32)). This research has significant implications for
understanding the variations in Antarctic OC sources and their climatic impacts
in the context of accelerated glacier melting.

KEYWORDS

Ross Sea, marine sediments, n-alkanes, organic matter, environment change

1 Introduction

Marine sediments, located at the interface of the hydrosphere,
biosphere and lithosphere, serve a critical function as carbon
reservoirs, facilitating the deposition, burial, and preservation of
organic matter (LaRowe et al., 2020). The total organic carbon
(TOC) in marine sediments primarily comprises various
components, including lipids, proteins, carbohydrates, and humic
substances (Burdige, 2007; Lomstein et al., 2012; Dittmar and
Stubbins, 2014). The origins of TOC from different sources,
including marine, terrestrial and bacterial origins, are often a key
concern of research (Didyk et al., 1978; Gustafsson et al., 2009;
Bianchi and Canuel, 2011). Traditional parameters used to
characterize organic matter, such as the molar ratio of TOC to
total nitrogen (TN) (Mayer, 1994; Zhang et al, 2023) and the
carbon and nitrogen isotopes of organic matter (§"°C, §'°N) (Das
etal., 2007; Wu et al., 2020), provide valuable insights into the main
sources of TOC but exhibit limitations regarding source specificity.
Given the complex nature of TOC sources, more precise methods,
such as the chemical biomarker approach, are essential for tracing
the origins of specific TOC components (Bianchi and Canuel, 2011;
Gal et al, 2022). Chemical biomarkers are organic compounds
found within the environmental matrix that can be linked back to
their biological sources (Eglinton and Calvin, 1967; Meyers, 2003)
and the prevailing climatic conditions at the time of their formation
(Liu and An, 2020). Despite undergoing significant geochemical
transformations like oxidation and reduction during early
diagenesis over extended periods, these biomarkers retain the
carbon chain structures of their parent molecules (Bianchi et al.,
2016), making them valuable indicators of material sources.

N-alkanes, which are saturated straight-chain hydrocarbons
typically ranging from nC, to nCs, in length, are abundant in

Abbreviations: OC, organic carbon; TOC, total organic carbon; TN, total
nitrogen; §"°C, §'°N, stable isotopes of carbon and nitrogen; A'"*C, radiocarbon
isotope; L/H, low/high molecular-weight n-alkanes; CPI, carbon preference
index; CPI;, CPI of short-chain (or low molecular-weight) n-alkanes; CPIy,
CPI of long-chain (or high molecular-weight) n-alkanes; TAR, terrestrial/aquatic
ratio; LGM, last glacial maximum; BP, before present; RSP, Ross Sea Polynya;
MSP, McMurdo Sound Polynya; TNBP, Terra Nova Bay Polynya; My, mean
particle size; o, sorting coefficient; SK, skewness; Kg, kurtosis; CHINARE,

Chinese National Antarctic Research Expedition.
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marine sediments, resistant to degradation and source-specific,
making them effective biomarkers (Zhao et al., 2022). In contrast,
some biomarkers such as lignin, may have certain regional
limitations. For instance, lignin is commonly utilized in mid- and
low-latitude seas, but is challenging to apply in Antarctica due to the
absence of vascular plants (Bianchi and Canuel, 2011). Various
organisms, including algae, aquatic macrophytes, terrestrial plants
and bacteria, can synthesize n-alkanes. In marine sediments, n-
alkanes are derived from autochthonous sources, such as algae and
bacteria, and allochthonous inputs from terrestrial plants (Eglinton
and Eglinton, 2008). Distinct compositional patterns exist among
different sources: medium to short-chain even n-alkanes (nC,, to
nC,,, mainly nC,s and nCig) originate from bacteria (Grimalt and
Albaiges, 1987); medium to short-chain odd n-alkanes (nC;; to
nC,;, mainly nC;s, nC;; and nCy) are produced by marine algae
(Blumer et al., 1971); medium-chain odd n-alkanes (mainly nC,s
and nC,s) are derived from mosses (Baas et al., 2000; Bingham et al.,
2010); and long-chain n-alkanes (nC,s to nCsy, with a
predominance of nC,;, nCy9 and nCj;) mainly come from
terrestrial higher plants (Eglinton and Calvin, 1967; Wang et al.,
2021). Various proxies based on n-alkanes of different carbon chain
lengths have been developed, such as the terrestrial/aquatic ratio
(TAR) (Meyers, 1997), the low molecular-weight (nC,3 to nCy;) to
high molecular-weight n-alkanes (nC,s to nCs,) (L/H), and the
long-chain and short-chain carbon preference index (CPIy and
CPI;) (Eglinton and Calvin, 1967; Cranwell et al., 1987). These
proxies are valuable indicators for elucidating the sources,
composition, and distribution of organic carbon in sedimentary
environments (Zhao et al., 2018). N-alkanes also respond to
variations in climate and environmental conditions (Liu and An,
2020), with the distribution patterns exhibiting systematic changes
across different stages of sedimentary geological evolution (Hanisch
et al., 2003; Li et al., 2008). For instance, the collective abundance of
nC,; to nCs; significantly increased during glacial periods and
decreased during interglacial periods, reflecting alterations in
terrestrial material input (Ikehara et al., 2000; Ternois et al,
2001). Consequently, n-alkanes present in sediment cores serve as
valuable proxies for reconstructing past environmental changes in

marine ecosystems.
Antarctica, particularly West Antarctica, is currently

experiencing a critical phase of accelerated glacial melting and
significant environmental changes (The IMBIE Team, 2018;
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Naughten et al., 2023). These alterations have resulted in shifts in
the community structure and biomass of phytoplankton and
zooplankton in West Antarctica (Lin et al, 2021; Yang et al,
2022; Trinh et al,, 2023). The Ross Sea is a key region in West
Antarctica, with significant regional variations in hydrodynamic
conditions (Wu et al., 2024) that have potential implications for
organic matter preservation (Eusterhues et al., 2003; Keil and
Mayer, 2014). Furthermore, the Ross Sea is undergoing
modifications in sea ice extent, primary productivity, and
plankton populations (Orr et al., 2005; Matson et al., 2011; Smith
etal., 2012; Kim et al., 2023), all of which influence the quantity and
composition of organic matter in sediments. Previous research has
examined the composition and distribution of n-alkanes in various
substrates, including microbial mats, mosses, lichens (Chen et al.,
2019a, 2021), soils (Matsumoto et al., 2010), suspended particulates
(Tao et al., 2022) and sediments (Kvenvolden et al., 1987;
Venkatesan, 1988; Duncan et al.,, 2019; Chen, 2020) in the Ross
Sea. For example, Kvenvolden et al. (1987) reported that n-alkanes
in near-surface sediments in the Western Ross Sea primarily
originate from two sources: both primary and reworked marine
materials, and aged organic matter redeposited from terrestrial
plants. Duncan et al. (2019) observed that C,y n-alkanes
dominated in late Miocene sediments, while C,, n-alkanes
dominated in the Oligocene, suggesting the influence of climate
change on vegetation evolution. Chen (2020) found that long-chain
n-alkanes (nCy; to nCss) in a 330,000-year-old deep-sea core from
the Ross Sea fan area mainly come from Antarctic soils, and long-
distance transport of dust from mid-latitude terrestrial sources,
plant leaf waxes. Despite these studies, there remains a significant
gap in comprehensive research on the sources of n-alkanes in
surface sediments. Additionally, studies on the characteristics of
n-alkanes in the Ross Sea since the last glacial maximum (LGM)
and their response to changes in ice shelves are notably insufficient.

In this study, we analyzed grain size, TOC, TN, radiocarbon
isotopes (A™C) and n-alkanes in 18 surface sediments and one
sediment core collected from the Ross Sea. We calculated
parameters related to hydrodynamic conditions and traced the
sources of TOC and n-alkanes. We specifically addressed the
following three issues: 1. to investigate spatial distribution
variances and influencing factors of hydrodynamic conditions,
OC content and sources in surface sediments; 2. to examine
spatial distribution variances in the sources of n-alkanes in
surface sediments; 3. to assess the impact of changes in the ice
shelf on n-alkane characteristics since the LGM.

2 Study area and sample collection

2.1 Study area

The Ross Sea is located at the southwestern boundary of the
Antarctic continent within the Pacific sector of the Southern Ocean,
and is the second largest bay in this region, covering an area of
approximately 750,000 km?* (Smith et al., 2012). It is bordered by
Marie Byrd Land to the east, the Transantarctic Mountains and
Victoria Land to the west, and to the south, it adjoins the Ross Ice
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Shelf, which is the largest ice shelf in the world, spaning about
500,000 km? The Ross Sea is a vital source region for Antarctic
Bottom Water (Whitworth and Orsi, 2006). Sea ice distribution in
the Ross Sea displays significant seasonal fluctuations, with
polynyas like the Ross Sea Polynya (RSP), McMurdo Sound
Polynya (MSP), and Terra Nova Bay Polynya (TNBP) forming
earlier in the summer along the front of the Ross Ice Shelf and the
coast of Victoria Land, primarily due to katabatic wind (Parish et al.,
2006; Tamura et al., 2008). The Ross Sea boasts high primary
productivity, contributing approximately one-third of the Southern
Ocean’s primary productivity (Arrigo et al., 2008a, 2008b), and
hosts a thriving ecosystem. Notably, the Adélie penguin population
in the Ross Sea represents one-third of the global population (Xu
et al., 2021).

The Ross Sea continental shelf is geographically divided into
Eastern and Western regions by approximately 180° longitude, with
water depths ranging from less than 500 m to over 1000 m. The
eastern shelf is predominantly characterized by a broad basin and
gently undulating shoals, while the western shelf features narrow
basins and more pronounced undulating shoals (Halberstadt et al.,
2016; Gales et al,, 2021; Ha et al,, 2022). TOC in the surface
sediments of the Ross Sea primarily originates from upper ocean
primary production (DeMaster et al., 1996; Langone et al., 1998)
based on biomarker compounds (Song et al., 2019), OC/TN ratio
and 8°C (Xiu et al,, 2017). The southwestern Ross Sea, including
RSP and MSP, exhibits high content of biogenic components (OC,
TN, and opal) and represents a distinct environment setting
compared to the western Ross Sea (Zhou et al., 2022). Based on
the differences in the geographic location and biogenic components,
our sediment samples were categorized into three distinct groups:
Southwest, Western and Eastern (Figure 1, Supplementary
Table S1).

2.2 Sample collection

Eighteen surface sediments were collected during the 31* and
32" Chinese National Antarctic Research Expeditions (CHINARE-
31 and -32) (Figure 1). They were collected by a box sampler, and
the 0 - 1 cm sediment layer was taken as the surface sample. A
gravity core sediment sample at station JB03 (170.698°E, 75.804°S,
water depth = 615 m) within the southern Joides Trough were
collected during CHINARE-31. The total length of the sediment
core was 130 cm, and was divided at 2 cm intervals. All samples
were frozen at -20°C, brought back to the laboratory and kept
frozen at —20°C until analysis.

3 Analytical methods
3.1 Sediment particle size analysis

The particle size of sediment samples was determined using a
laser particle size analyzer (range 0.02 to 4000 um, Mastersizer

3000, UK, the precision is better than 1%). Ca. 1.0 to 2.0 g untreated
wet sediment samples was placed into beakers with a small amount
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of deionized water to soak the samples. A small amount of 30%
hydrogen peroxide (H,O,) was added until no bubbles were
produced to remove sedimentary organic matter. 0.25 mol/L of
dilute HCI was added to remove carbonates in the sample, followed
by 20 mL of a 1 mol/L NaCOj solution, and the beaker was placed
into a constant temperature water bath at 85°C for 4 h. Deionized
water was added and the solution was stirred with a glass rod, left to
stand for 24 h, and the supernatant collected. This step was repeated
for 3 times, until the washing produced a neutral pH solution. 1 mL
of 0.5 mol/L sodium hexametaphosphate was added to the
combined supernatant as a dispersive substance, and a suspension
was formed by ultrasonic oscillation for 120 s. The suspension was
collected and particle sizes were measured on the instrument.

Sediment samples were separated into 3 standard size fractions:
sand (> 63 pm), silt (4 - 63 um), and clay (< 4 um). Based on the ¢
values ( Qs, Q16> D25, Ps0> P75, Pgg> Pos5) corresponding to the 5%,
16%, 25%, 50%, 75%, 84%, and 95% points on the cumulative
probability curve, the mean particle size (M), sorting coefficient
(o), skewness (SK) and kurtosis (Kg) were calculated to characterize
the sedimentary environment (Folk and Ward, 1957). Generally,
Mz is constrained by a value of 4 @, with values greater than 4 ¢
indicating a low-energy sedimentary environment, while values less
than 4 @ suggesting a high-energy environment. A smaller ¢ value
denotes better sediment sorting. SK is used to measure the
symmetry of particle size frequency distribution. Furthermore, a
smaller Kg value reflects a broader distribution in the sharpness of
the grain size frequency curve (see Supplementary Text S1 for
indicative meanings of the above parameters).
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3.2 TOC and TN content

TOC and TN contents of the samples were determined by an
elemental analyzer (Elementar Vario MICRO cube, Germany).
TOC determination requires acid removal of inorganic carbon,
while TN does not (Schubert and Nielsen, 2000). Briefly, 0.5 g of
lyophilized and ground sediment samples were weighed into 15 mL
glass test tubes, 10 mL of a 1 M HCI solution was added and stirred,
and the tubes were placed in a constant temperature water bath at
50°C for 48 h (Faust et al., 2021). The samples were then centrifuged
(2500 r/min, 5 min) and the supernatant poured into a new glass
container. The samples were rinsed with distilled water until a
neutral pH was achieved, and finally the samples were lyophilized in
a freeze-dryer and weighed. The decarbonated samples were
accurately weighed (30.0 + 0.2 mg) into tin capsules for analysis.
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The sediment standard sample GB07314 (offshore marine
sediments, The State Bureau of Quality and Technical Supervision
of China) was analyzed in parallel as a quality control standard, with
replicate measurements varying by less than 1%.

3.3 AMS™C analysis

A™C of TOC from 11 sub-samples (i.e.,0-2,2-4,18 - 20,54 -
56, 68 — 70, 72 - 74, 78 — 80, 102 — 104, 110 - 112, 112 - 114, and
128 - 130 cm) of the core sediment were analyzed using a 250 KeV
NEC single stage particle accelerator at Beta Analysis Laboratory in
the USA. Results are ISO/IEC-17025:2017 accredited. Briefly, the
samples were subjected to ultrasonic mixing and screening to
remove impurities. Inorganic carbon was eliminated through
pickling, and graphite targets were prepared for testing in an
accelerator mass spectrometer. The standard was NIST SRM-
4990C (oxalic acid). The analytical precision for A'*C
measurements is typically < 5%o.

3.4 N-alkanes

Ca. 3.0 to 6.0 g of lyophilized and ground sediment samples
were accurately weighed and loaded into the extraction cell of a
rapid solvent extractor (ASE-350, USA), and hexadecane deuterium
(nC,4Ds5p) was added as an internal standard. Organic matter
extracts were obtained by introducing dichloromethane and
methanol (9:1, v:v) to the cell and heating at 100°C for 5 min,
followed by extraction for 10 min. The heating and extraction were
repeated 3 times. The extracts were initially concentrated by rotary
evaporation, followed by evaporation under a steady stream of N,.
When the volumes were < 10 mL, the extracts were transferred to 10
mL glass bottles and evaporated with N, until dry. Next, a 6%
potassium hydroxide in methanol solution was added and
ultrasonicated for 10 min. The hydrolysate was removed by
adding 4 mL of hexane and waiting for the polar and non-polar
layers to separate. The non-polar layer was removed and transferred
to a 20 mL glass bottle. The extraction was repeated 4 times, with all
extracts combined in the new container. 0.2 mL of the combined
organic matter extract was sub-sampled and dried under N,, re-
constituted in a known quantity of hexane, and then separated on
an activated silica gel column. The non-polar components were
obtained by leaching with #n-hexane.

An Agilent gas chromatograph (Agilent 6890N, USA) with a
flame ionization detector (GC-FID) was used for n-alkane analysis.
The GC was equipped with an HP-1 (dimethylpolysiloxane)
column (50 m x 0.32 mm X 0.17 um). Analytical conditions were
as follows: inlet temperature 310°C, FID detector temperature 320°
C, carrier gas (N,) flow rate 1.2 mL/min. The GC oven initial
temperature was 60°C, which was held for 1 min before increasing
to 200°C at a rate of 10°C/min. The temperature was then increased
to 300°C at a rate of 5°C/min, and then to 310°C at a rate of 5°C/
min, where it was held for 15 min. An example n-alkane
chromatogram with relative abundance (station RB08B) was
shown in Supplementary Figure S1. The retention time of target
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compounds was determined by comparing the retention time of 34
n-alkanes in a mixed standard (nC; to nCyp). The relative response
values of each component peak of the mixed standard and the
nC,4Ds5 internal standard peak were applied to the peak areas of
the target compounds to quantify their abundance. Yields of n-
alkanes were normalized to the mass of sediment extracted, and
values are expressed as ng/g.

L/H, TAR (Meyers, 1997), CPI and CPI;, (Eglinton and Calvin,
1967; Cranwell et al., 1987) were calculated based on the content of
n-alkanes of different carbon numbers (see Supplementary Text S2
for indicative meanings of the above parameters):

L/H= 2”C13~21/E"C22N34
TAR = (Cy; + Cy9 + C31)/(Cy5 + Cy7 + Cyo)

CPIy; = 1/2[(Cy5 + Cy7 + Chg + C1 + Ca3 + C35) /(Cyq + Cog + Cog + Cyp + Csp + Cag)+
(Cys + Cy7 + Cyg + Cay + Caz + C35)/(Cys + Cog + C3p + Cay + Cag + Cag)]

CPI, = 1/2[(Cy5 + Cj7 + Cyg + Cy1) /(Cyy + Cig + Cyg + Cyp)
+(Cys5 + Cyy + Cig + Cyy)/(Cyg + Ci5 + Cyp + Cyy)]

3.5 Statistical analyses

A Pearson correlation analysis and a two-tailed test of
significance were performed using the statistical software SPSS
(Version 25) to determine relationships between the measured
parameters. Statistically, significant differences were identified
using one-way analysis of variance with a 95% confidence interval
(p < 0.05).

4 Results
4.1 Chronostratigraphic framework

A reliable chronostratigraphic framework based on TOC should
consider marine reservoir effects (Andrews et al., 1999; Pudsey et al.,
2006) and fossil carbon contamination from glacial erosion on the
Antarctic continent (Hillenbrand et al., 2010). A marine reservoir
age of 825 a was referenced from Anderson et al. (2014) and Huang
et al. (2016). A fossil carbon contamination age of 3045 a was
referenced from station ATN31-JB06 (173.907°E, 74.473°S, water
depth = 567 m) (Huang et al., 2016; Fan et al,, 2021) due to the
absent of foraminifera in JB03. Calendar ages were determined
using the 7.10 software and Marine 13 program (http://calib.org/
calib/calib.html). Linear interpolation and extrapolation were
employed to establish a chronological framework, resulting in an
age of 27.3 ka BP at the bottom of core JB03. The different depth
intervals (0 — 72, 72 — 78 and 78 - 130 cm) corresponded to the
Holocene (11.7 — 0 ka BP), the last deglaciation (21.0 - 11.7 ka BP)
and the LGM (27.3 - 21.0 ka BP), respectively (Table 1; Figure 2).
Sedimentation rates for each layer were calculated using 11 age
control points and the interpolation method. The sedimentation
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TABLE 1 Dating results and calculated sedimentation rate for core JB03.

10.3389/fmars.2024.1474189

Measured Fossil Marine reser- Calendar Sedimentation
14C age carbon age voir age age rate Chronology
aBP a a BP (cm/ka)
0-2 4470 + 30 3045 825 600
2-4 4774 + 30 3045 825 904 6.58
18- 20 6950 + 30 3045 825 3080 7.35 Holocene
54 - 56 12655 + 30 3045 825 8785 6.31
68 - 70 14730 + 30 3045 825 10860 6.75
72 - 74 15720 + 30 3045 825 11850 4.04 Deglaciation
78 - 80 28950 + 30 3045 825 25080 045
102 - 104 31010 + 30 3045 825 27140 11.7
110 - 112 31090 + 30 3045 825 27220 100 LGM
112 - 114 31095 + 30 3045 825 27225 400
128 - 130 31140 + 30 3045 825 27270 356

rate for the interval 0 - 72 cm ranged from 6.31 to 7.35 cm/ka. The
age difference between 78 — 80 cm and 72 - 74 cm layers was as high
as 13.2 ka, and the lowest sedimentation rate for the whole core was
calculated to be 0.45 cm/ka. Layers between 102 - 130 cm exhibited
extremely high sedimentation rate, up to > 100 cm/ka
(Table 1; Figure 2).

4.2 Particle size components

The composition of sand, silt and clay in surface sediments of
the Ross Sea varied from 4.03% to 56.7%, 37.1% to 78.3% and 6.16%
to 35.4%, respectively (Supplementary Table SI; Figures 3A-C).
Spatially, the proportions of sand and silt did not exhibit significant
(p > 0.05) differences among the three regions, while clay content in
the Eastern sediment (27.0% + 4.74%) was significantly (p < 0.01)
higher than that in the Southwest and Western sediments (11.8% *
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FIGURE 2
The measured ages, corrected ages and sedimentation rates in Core
JBO3 based on AMS™C results.
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0.25% and 13.0% + 5.34%). Following Folk (1980) sediment
classification method, the predominant sediment type in the
study area was clayey silt, mainly located in Cape Adare and
Glomar Challenger Trough. This was followed by sandy silt,
distributed in Joides Trough and Drygalski Trough. Silty sand
sediment was present at stations R02 and R08 near Terra Nova
Bay, while silt sediment was at stations JBO1 and JB03 in McMurdo
Sound and Joides Trough (Supplementary Figure S2).
Hydrodynamic indicators, including My, o, SK, and Kg, ranged
from 4.17 to 7.00 @, 1.63 to 2.44, -0.17 to 0.37 and 0.82 to 1.04,
respectively (Supplementary Table S1; Figures 3D-G). The My in
the Eastern sediment (6.75 + 0.21 ¢) was significantly (p < 0.01)
higher than that in the Southwest and Western sediments (5.70 +
0.24 ¢ and 5.42 + 0.68 @), while 6, SK and K did not show
significant (p > 0.05) differences among the three regions.

4.3 TOC, TN and TOC/TN ratio

The TOC content of surface sediment samples ranged from
0.40% to 1.34% (wt%), which is consistent with the ranges of
previous studies (0.2% to 2%) (Langone et al, 1998; Andrews
et al., 1999; Chen et al, 2019b). Spatially, TOC content in the
Southwest sediment (1.08% + 0.23%) was significantly (p < 0.05)
higher than that in the Eastern sediments (0.62% + 0.21%), and
intermediate in the Western sediments (0.82% + 0.24%)
(Supplementary Table S1; Figure 3H). TN content ranged from
0.07% to 0.23%, showing a similar spatial distribution pattern to
TOC content (Figure 3I). A significant positive correlation was
observed between TOC and TN content (r = 0.99, p < 0.001,
Figure 4A). The TOC/TN ratio varied from 5.57 to 7.00, with no
significant differences observed among the three regions (6.62 +
0.19, 6.35 £ 0.28 and 6.28 + 0.49 in the Southwest, Western and
Eastern Ross Sea sediments, respectively) (Supplementary Table
S1; Figure 3]).
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Spatial distribution of (A) sand (%), (B) silt (%), (C) clay (%), (D) mean particle size (M), (E) sorting coefficient (o), (F) skewness (SK), (G) kurtosis (Kg), (H) TOC
(%), () TN (%), (J) TOC/TN ratio, (K) total content of n-alkanes (ng/q), (L) ratio of low molecular-weight (nCy3 — nCy) to high molecular-weight n-alkanes
(nCus — NCszy4) (L/H), (M) terrestrial/aquatic ratio (TAR), (N, O) long-chain and short-chain carbon preference index (CPly and CPI)) in surface sediments of the

Ross Sea.

In the JBO3 core sediments, TOC content ranged from 0.43%
to 1.85%, while TN content ranged from 0.03% to 0.23%. Similar
to the surface sediments, a significant positive correlation
between TOC and TN was noted in the core sediments (r =
0.97, p <0.001, Figure 4B). The TOC/TN ratio ranged from 6.91
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to 16.81 (Supplementary Table S2). In the downcore profiles,
TOC decreased from 1.56% + 0.30% during the period of 0.6 -
8.2 ka BP to 0.74% + 0.12% during 21.0 - 27.3 ka BP, while the
TOC/TN ratio increased from 8.18 + 0.51 to 13.63 +
1.29 (Figure 5).
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4.4 N-alkanes

The concentration of n-alkanes in the surface sediments of the
Ross Sea varied from 482 to 2221 ng/g, with higher values found in
the Glomar Challenger Trough and Joides Trough (stations RB02B
and JB05), and the lowest concentration found near Cape Adare
(station R19) (Figure 3K). The carbon chain lengths of n-alkanes
ranged from nC;, to nCss, characterized by a unimodal distribution
with main carbon peak at nC;; or nCiy in Western Ross Sea
(Figure 6A), a bimodal distribution with main carbon peaks at
nCie and nC,s in the Southwest Ross Sea (Figure 6B), and a
combination of unimodal and bimodal distributions with main
carbon peaks at nC;; or nC;9 and nC,; in the Eastern Ross Sea
(Figure 6C). The L/H ranged from 0.38 to 6.72, being significantly
(p < 0.05) higher of Western sediments (3.60 + 2.18) than those in
Southwest and Eastern sediments (0.62 + 0.21 and 1.60 * 0.58)
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(Figure 3L). The TAR varied from 0.07 to 2.03, significantly (p <
0.01) higher in the Southwest sediments (1.26 + 0.66) than in the
Western and Eastern sediments (0.22 + 0.14 and 0.61 * 0.30)
(Figure 3M). N-alkanes exhibited odd carbon dominance (CPI; =
1.26 to 1.68), except for station R02, which displayed an even
carbon distribution (CPI;, = 0.76) (Figure 3N). The CPIy ranged
from 1.01 to 2.43, being highest in the Eastern sediments (2.04 +
0.28), lowest in the Southwest sediments (1.18 + 0.16), and
intermediate in the Western sediments (1.52 + 0.19) (Figure 30;
Supplementary Table S1).

In core JBO3, the n-alkane content ranged from 416 to 1577 ng/g,
exhibiting a slight increasing trend downcore, which contrasts with
TOC profile (Figure 5). The carbon chain lengths extended from nC;
to nCss, displaying a unimodal distribution with nC,, nCyg or nCyq
as main carbon peaks during 0.6 - 8.2 ka BP (Figure 6D), bimodal
distribution with main carbon peaks as nC,3/nCys and nC,o/nCys
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during 8.2 - 21.0 ka BP (Figure 6E), and bimodal distribution with
main carbon peaks of nC;, or nC,9 and nC,, during 21.0 - 27.3 ka BP
(Figure 6F). The source indices, including the L/H, TAR, CPI;, and
CPIy, ranged from 0.53 to 5.50, 0.14 to 1.50, 0.92 to 1.14 and 1.29 to
2.07, respectively (Supplementary Table S2). Downcore analysis
revealed that the L/H decreased from 2.27 + 1.07 during 0.6 - 8.2
ka BP to 1.17 + 0.37 during 21.0 - 27.3 ka BP. Conversely, TAR
increased from 0.41 * 0.32 to 0.83 * 0.31, while CPI; and CPIy; did
not show significant downcore trends (Figure 5).

5 Discussion

5.1 Sedimentary environment and organic
matter source pattern in the

surface sediments

5.1.1 Sedimentary environment

M, values were > 4.00, G values were > 1.00 and Kg values
generally fell within the mid-peak range of 0.90 - 1.11 for surface
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sediments in the study area. These findings indicate poor sediment
sorting characteristic of a low-energy, hydrodynamic stable
sedimentary environment (Folk and Ward, 1957). This aligns
with the characteristics of an ice-sea environment dominated by
physical weathering processes, such as abrasion and sediment
extraction (Wang et al.,, 2016). Meanwhile, a significant positive
correlation was observed between M, and clay content (r = 0.88, p <
0.01, Figure 7A), while a significant negative correlation was noted
between M, and SK (r = -0.71, p < 0.01, Figure 7B), consistent with
the sediment type distribution trends. High M, values were
exhibited in Glomar Challenger Trough with high clay content,
predominantly chalky texture, and SK values generally less than 0
(Supplementary Figure S2). Previous studies based on radioisotope
analysis (Licht and Hemming, 2017; Shao et al., 2022 and references
therein) and sediment mineralogical composition (Andrews and
LeMasurier, 2021) have shown that sediments in the Eastern Ross
Sea are from both Edward VII Land and Marie Byrd Land, while in
the Western Ross Sea, sediments originate predominantly from
Victoria Land. Weaker hydrodynamic conditions lead to in situ
deposition of coarse-grained material, while fine-clay minerals may
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be transported over long distances to Glomar Challenger Trough.
Conversely, stations at TNBP, particularly station R02, exhibited
the highest sand content (56.7%), the lowest M, (4.17) and the most
positive SK (0.37), indicating the impact from terrestrial sand and
gravel carried by sea ice ablation and/or relatively stronger coastal
currents (DeMaster, 1992; Orsi et al., 1995).

5.1.2 Spatial distribution and source difference
of TOC

A common source for TOC and TN in the surface sediments of
the study area was indicated by a significant positive correlation
between TOC and TN content (Figure 4A), in line with findings
from previous studies (DeMaster et al., 1996; Langone et al., 1998;
Xiu et al., 2017). Studies have shown that the TOC/TN ratio varies
significantly depending on the source of organic matter. For
instance, the TOC/TN ratio ranges from 2.3 to 3.7 from marine
microbial sources (Lee and Fuhrman, 1987; Coffin and Cifuentes,
1993), 3 to 8 from protein-rich marine organic matter (Redfield
et al,, 1963; Meyers, 1994), and > 12 from lignin- and cellulose-rich
terrestrial higher plants (Sampei and Matsumoto, 2001). In this
study, the TOC/TN ratio in the surface sediments was at 6.37 + 0.37,
showing no significant difference (p > 0.1) among the three regions
(Supplementary Table S1; Figure 3]), comparable to the ratios
reported in previous studies of particulate matter in the euphotic
zone of the Ross Sea (6.5 on average, Fabiano et al., 1993), sediments
(6.5 to 7.0 on average, Wakeham and Mcnichol, 2014; DeMaster
et al., 1996), and was also close to the Redfield ratio (Redfield et al.,
1963). A recent study found that TOC/TN ratio and © are
significantly correlated in the East China Sea, a large river
dominated marginal sea, indicating that the TOC/TN ratio could
be affected by the grain size, with potential to inferring the evolution
of the sedimentary environments (Zhang et al., 2023). However, no
significant (p > 0.05) correlation was found between the TOC/TN
ratio and o in the surface sediments of Ross Sea. Therefore, these
results suggest that surface OC in the Ross Sea primarily originates
from epipelagic phytoplankton production.

The spatial distribution of TOC exhibited a pattern of high in the
west and low in the east, consistent with findings from previous studies
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(Andrews et al., 1999; Chen et al.,, 2019b; Zhou et al., 2022). This
distribution discrepancy can be attributed to two factors. Firstly, the
formation of polynyas and open seas occurs earlier in the summer in
the Southwest and Western Ross Sea due to katabatic wind, with
polynyas even observable in winter. In contrast, in the Eastern Ross Sea,
the formation of open seas is delayed until later in the summer season.
Chlorophyll a concentrations throughout the Ross Sea exceed 5 pg/L in
December, and then decrease to < 2 Lg/L in January and February.
However, in the Western Ross Sea, particularly at the RSP location,
chlorophyll a levels remain above 5 ug/L throughout the austral
summer (Smith and Kaufman, 2018; Smith, 2022). This extended
period of elevated productivity contributes to a higher accumulation of
TOC in the sediments of the southwestern region. Secondly,
sedimentation rates are significantly higher in the Southwest and
Western Ross Sea than the Eastern (DeMaster et al., 1996). For
instance, the sedimentation rate was 6.58 cm/ka on the top of core
JB03 in this study, and was 8 cm/ka on the top of core RB16C from
Joides Trough, Western Ross Sea (Song et al, 2019). In contrast,
sedimentation rates on the Eastern Ross Sea shelf typically range from 1
to 2 cm/ka (DeMaster et al., 1996; Cui et al., 2021). High sedimentation
rates facilitate the bypassing of OC early diagenesis, leading to its burial
in anaerobic sediments and enhancing preservation potential (Smith
et al,, 2015; Faust et al., 2021). Notably, station R02 in TNBP exhibited
low clay (6.16%) and TOC content (0.58%). Despite being in a highly
productive area, the retention of clay fraction is poor due to strong
hydrodynamic conditions, whereas clay minerals promote organic
matter preservation through physical or chemical adsorption owing
to their large specific surface area (Eusterhues et al., 2003; Keil and
Mayer, 2014; Wu et al., 2024).

5.1.3 Spatial distribution and source difference
of n-alkanes

Concentrations of n-alkanes were slightly higher in the Western
Ross Sea (1136 + 548 ng/g) than in the Southwest and Eastern Ross Sea
(837 + 161 and 884 + 431 ng/g). The n-alkanes in Western Ross Sea
exhibited a unimodal distribution, with main carbon peak at nC,; or
nCiq (Figure 6A), a weak odd-carbon preference (CPI;, = 1.41 + 0.30)
and the lowest TAR (0.22 + 0.14) (Supplementary Table S1). These
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results suggest that n-alkanes are mainly derived from marine algae and
bacteria in the upper ocean, consistent with the results of TOC/
TN ratio.

The n-alkanes in the Southwest Ross Sea exhibited a bimodal
distribution with main carbon peaks at nC; and nC,s (Figure 6B), a
low L/H (0.62 + 0.21), low CPIy; values (1.18 + 0.16) and the highest
TAR value (1.26 £ 0.66) (Supplementary Table S1). Previous
research has demonstrated that marine phytoplankton can
produce significant quantities of medium- and long-chain alkyl
lipids with low CPI values (e.g., Volkman et al., 1998). Additionally,
n-alkanes from peat moss (Sphagnum) are characterized by a high
abundance of nC,; and nCys (Baas et al., 2000; Bingham et al,
2010). A TAR > 1 typically indicates a higher proportion of
terrestrial OC input, while a TAR < 1 suggests a predominance of
marine-derived sources (Meyers, 1997). In the Southwest Ross Sea,
the presence of medium- and long-chain n-alkanes, without an
odd-over-even carbon preference, suggests a mixture of
contributions from marine algae and terrestrial mosses. This
finding is consistent with the results of Tao et al. (2022), which
showed that a CPIy ~1 in suspended particulates from the
Southwest Ross Sea, indicating the contribution of terrestrial
organic matter.

The n-alkanes in the Eastern Ross Sea stations exhibited
combination of unimodal and bimodal distributions, with main
carbon peaks at nC;; or nCyy and nC,;, respectively (Figure 6C).
The Eastern Ross Sea is characterized by the highest CPIy; values
(2.04 + 0.28) and moderate L/H and TAR values (1.60 + 0.58 and
0.61 + 0.30) compared to the Western and Southwest Ross Sea
(Supplementary Table S1). This suggests that short-chain n-alkanes
possibly originate from phytoplankton, while long-chain n-alkanes
may come from terrestrial sources such as higher plant fragments.
Previous research has shown that medium- and long-chain n-
alkanes are more prevalent than short-chain n-alkanes in
McMurdo Dry Valleys soils, with main carbon peaks at nC,s,
nC,s and nC,,, and CPIy values from 2.0 to 2.6. These n-alkanes
are mainly from lichens and higher vascular plant fragments from
pre-glacial periods, specifically the Miocene to Pliocene epochs
(Matsumoto et al., 1990a, 1990b, 2010). Given the similarities in
n-alkane characteristics between surface sediments in the Eastern
Ross Sea and soils from the McMurdo Dry Valleys, it is suggested
that long-chain #-alkanes may could have been transported over
long distances by ocean currents. Furthermore, research indicates
that dust from mid-latitude land areas and plant leaf waxes could be
carried long distances through the atmosphere to the Southern
Ocean, utilizing lipid biomarkers and compound-specific stable
carbon isotope ratios of n-alkanes in aerosols (Bendle et al., 2007;
Jaeschke et al., 2017). These materials may serve as sources of long-
chain n-alkanes in Eastern Ross Sea sediments and may undergo
degradation during transport, thus altering the original n-alkanes
signature (CPIy > 30 to 2.04 + 0.28) (Bray and Evans, 1961; Naafs
et al., 2019).

It is important to note that there are certain differences in the
organic matter sources in the surface sediments in the Ross Sea
based on the TOC/TN ratio and n-alkane related parameters. The
TOC/TN indicates the general characteristics of organic matter
sources but lacks specificity regarding source identification (Mayer,
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1994; Bianchi and Canuel, 2011). In contrast, although n-alkanes
constitute a minor fraction of TOC, they are more stable and
encompass a broader range of sources, thereby providing more
detailed insights into the origins of organic matter. By combining
bulk OC and n-alkanes, we can achieve a more comprehensive and
nuanced understanding of the sources of organic matter in
Antarctic sediments.

5.2 Changes in n-alkane sources since the
LGM and implications for ice shelf retreat

5.2.1 Impacts of ice shelf retreat on
sedimentary age

The sedimentation rate of core JB03 during the LGM,
deglaciation and Holocene differed significantly from those of
neighboring cores (Huang et al, 2016; Song et al, 2019; Zhao
et al, 2017), suggesting that sedimentary environments are
influenced by ice shelf retreat and display considerable spatial
variability. The sedimentation rate in the 102 - 130 cm layer
(27.1 - 27.3 ka BP, during the LGM) was extremely high at 100
cm/ka (Figure 2 and Supplementary Table S2), in contrast to the
northern cores (e.g., 3 - 4 cm/ka for JB06 and ~26 cm/ka for
RB16C) (Huang et al., 2016; Song et al., 2019). The Ross Ice Shelf
was expanding during the LGM, with the northernmost position of
the grounding line at 74°S, as determined from seismic and
multibeam data analyses (Ship et al, 1999; Halberstadt et al,
2016) and grain-size sedimentary sequences (Anderson et al,
2014; Huang et al,, 2016; Zhao et al., 2017). While Huang et al.
(2016) suggested that the ice shelf did not reach the seafloor at JB06
(~74.5°S), the notably high sedimentation rate observed in this
study implies that the more southerly JB03 (~75.8°S) may have
experienced grounding events during the LGM, rapidly
accumulating sediment of equivalent or older age from the
surrounding area.

An extremely low sedimentation rate (0.45 cm/ka) was recorded
during the last deglaciation period (72 - 78 cm, 21.0 - 11.9 ka BP),
significantly lower than the neighboring cores (~15 cm/ka for JB06
and ~10 cm/ka for RB16C) during the same timeframe (Huang
et al., 2016; Song et al., 2019). Given that this period was
characterized by a predominantly sub-glacial sedimentary
environment (McKay et al., 2012), the absence of a stratigraphic
record between 72 — 78 cm could be attributed to ice sheet collapse
scouring or interruptions in sedimentation due to ice
sheet coverage.

During the early Holocene (11.9 - 8.2 ka BP), the sedimentation
rate increased to 6.75 cm/ka, similar to rates observed in northern
cores (e.g., ~5 cm/ka for JB06 and ~3 cm/ka for RB16C) (Huang
et al,, 2016; Song et al., 2019). Sedimentary phase sequences and
foraminifera radiocarbon dating indicated that the Ross Ice Shelf
retreated rapidly during 11 - 10 ka BP (McKay et al, 2008).
Finocchiaro et al. (2005) reported the presence of a patchy
diatom-rich soft mud layer dating to 9.5 - 9.4 ka BP in Cape
Hallett Bay, suggesting early Holocene warming and open ocean
conditions. Subsequently, sandy mud deposition during 8.0 - 7.8 ka
BP indicated a rapid landward retreat of regional glaciers.
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Consequently, due to the ongoing retreat of the ice shelf, station
JBO3 transitioned from a sub-glacial sedimentary environment to a
marine setting.

After 8.2 ka BP, the ice shelf continued its retreat towards Ross
Island (McKay et al., 2016). During this period, the sedimentation
rate was stable at 6.71 + 0.39 cm/ka, comparable to rates observed in
the northern cores, such as 7 cm/ka for JB06 and RB16C (Huang
et al,, 2016; Song et al., 2019). Ice core §'®0 records suggested that
the Ross Sea experienced its second warm period of the Holocene
from 7 to 5 ka BP (Masson-Delmotte et al., 2000). Station JB03
displayed a seasonal sea ice period sedimentary characteristics.

5.2.2 Changes in TOC and n-alkane sources at
different historical stages

Based on the TOC content, TOC/TN ratio, n-alkane
characteristics and calculated indices, the sedimentary record of
JBO03 can be divided into three phases. Phase I extended from 78 to
130 cm (LGM period); Phase II ranged from 52 to 78 cm (the last
deglaciation and 11.9 - 8.2 ka BP in the early Holocene period); and
Phase III was found at depths shallower than 52 cm (8.2 - 0.6 ka BP
during the Holocene period) (Figure 5). Significant variations in
sedimentary environments and their associated TOC and n-alkane
sources were observed across these phases in the Ross Sea.

During Phase I, TOC content was the lowest (0.74% * 0.12%),
while the TOC/TN ratio was the highest (13.63 + 1.29). The n-
alkane distribution was predominantly bimodal, with main carbon
peaks at nC;; or nCyy and nC,, (Figure 6F), and exhibited the
highest CPIy (1.78 + 0.12) and TAR (0.83 + 0.31), and lowest L/H
(1.17 £ 0.37) (Figure 5), indicating a predominance of terrestrial OC
inputs. This could be due to disturbed and redeposited sediments
caused by ice-shelf grounding, potentially mixed with fragments of
higher vascular plants from pre-glacial periods (e.g., Oligocene and
Miocene) (Duncan et al., 2019), as discussed in section 5.2.1.

The TOC content of Phase II sediments (0.90% + 0.30%) was
slightly higher than that of Phase I, exhibiting a significant
increasing trend in TOC content between 11.9 - 8.2 ka BP
(Figure 5 red arrow). The TOC/TN ratio (9.09 + 1.82) indicated a
mixture of OC from phytoplankton (3 - 8) and higher plants (>12)
(Figure 5). The n-alkane distribution was mainly bimodal, with
main carbon peaks at nC;3/nC,s and nC;o/nC,s, differing from
Phase I (Figure 6E). The CPIy (1.46 + 0.16) and TAR (0.62 + 0.21)
were slightly lower than those of Phase I (Figure 5). These results
suggest a mixture of inputs from both marine and terrestrial sources
(Anderson et al, 2014; Huang et al., 2016; Zhao et al., 2017).
Overall, our findings align with historical data (see section 5.2.1),
indicating a notable increase in marine-derived n-alkanes due to
glacier retreat, rising temperatures, and enhanced productivity
during the early Holocene. Additionally, there was an increase in
terrestrial input from mosses, lichens and other land sources
(Kvenvolden et al.,, 1987), alongside a decrease in the ancient
organic matter proportions.

The sediments in Phase IIT exhibited the highest TOC content
(1.56% =+ 0.30%) and the lowest TOC/TN ratio (8.18 + 0.51)
compared to the other two phases (Figure 5). The n-alkanes in
Phase III closely resembled those found in modern surface
sediments, showing mainly a unimodal distribution with nC,,,
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nCyg or nCyg as main carbon peaks (Figure 6D). Furthermore, the
odd-carbon predominance of short chains was not obvious (CPIy, =
0.99 #+ 0.04), while the TAR (0.41 + 0.32) was significantly lower
compared to Phase I and Phase II (0.81 + 0.33 and 0.55 + 0.18,
respectively). Conversely, and L/H (2.27 + 1.07) was significantly
higher than in Phase I and IT (1.17 + 0.37, 1.19 * 0.50, respectively)
(Figure 5). These findings suggest that the n-alkanes in the sediment
are primarily derived from marine phytoplankton and bacteria after
approximately 8 ka BP (Song et al, 2019; Xiu et al., 2017). As
discussed in section 5.2.1, the ice shelves had receded to near Ross
Island around 8 ka BP, establishing a seasonal sea-ice environment
similar to present conditions, characterized by high productivity
and a predominant contribution from marine sources.

6 Conclusion

The overall sorting of surface sediments in the Ross Sea was
poor, indicating a low-energy and hydrodynamically stable
sedimentary environment. TOC was mainly derived from upper
ocean phytoplankton, with a distribution trend showing higher
concentrations in the west and lower in the east. This variation was
related to higher sedimentation rates and longer periods of primary
productivity accumulation in the west. Significant regional
differences in the sources of n-alkanes in modern surface
sediments were identified, with the Western region mainly
derived from phytoplankton and bacteria, the Southwest region
from a mixture of phytoplankton and terrestrial mosses, and the
Eastern region from a combination of phytoplankton, terrestrial
soil/low-latitude higher plant leaf waxes. The n-alkane
characteristics in the Western Ross Sea core were basically
consistent with the history of ice shelf dynamics, showing a high
terrestrial input signal before 21.0 ka BP during the ice shelf
expansion. From 21.0 to 11.7 ka BP, while the ice shelf retreated,
the JBO3 site remained beneath the ice shelf, resulting in very low
sedimentation rates. From 11.7 to 8.2 ka BP, as temperatures rose
and glaciers continued to retreat, n-alkanes exhibited characteristics
of mixed terrestrial and marine source inputs. Since 8.2 ka BP, as the
glaciers retreated to Ross Island, marine-derived n-alkanes have
dominated in the sediment. This study provides insights into the
changes in organic matter properties resulting from the accelerated
melting of the Antarctic ice shelf.
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