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Abstract

Research on changes in the redox conditions of bottom waters is essential for understanding deep water circulation,
global ocean currents, climate change, and ecosystem health. Through sedimentary geological methods, a deeper
understanding of the complex relationships between various environmental changes can be achieved, providing detailed
evidence and theoretical support for global climate change research. The Ross Sea in Antarctica plays a key role in the
formation of Antarctic bottom water (AABW), and the complex climate changes since the last glacial maximum (LGM)
make it particularly significant for study. This research analyzes core ANT32-RB16C from the Ross Sea using
geochemical proxies such as major and trace elements, grain size, and redox-sensitive indicators like Mn/Ti, Co/Ti,
Mo/Ti, Cd/Ti, U/Th, and Ni/Co molar concentration ratios. Combining this data with a previously established
chronological framework, the study explores the evolution of redox conditions in the Ross Sea’s deep waters since the
LGM. The results show that the deep waters have remained oxygen-rich since the LGM, with significant changes in
four stages. Stage 1 (24.7-15.7 cal ka BP): Strong oxidizing conditions, likely due to enhanced formation of Ross Sea
bottom water (RSBW), increasing oxygen levels. Stage 2 (15.7-4.5 cal ka BP): Weakened oxidizing conditions as
temperatures rose and ice shelves retreated, increasing primary productivity and depleting oxygen. Stage 3 (4.5-1.5 cal
ka BP): Continued decline in oxidizing conditions, possibly linked to high primary productivity and oxygen
consumption. Stage 4 (1.5 cal ka BP to present): A rapid recovery of oxidizing conditions, likely driven by temperature
drops, increased RSBW formation, and decreased productivity.
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1 Introduction

In modern oceans, the redox conditions of bottom wa-
ters are commonly classified into four categories (oxic,
suboxic, anoxic, and euxinic) based on dissolved oxygen
levels and hydrogen sulfide concentrations (Tribovillard
et al., 2006). The redox environments are primarily influ-
enced by the supply and consumption of oxygen (Colman

and Holland, 2000; Ozaki and Tajika, 2013). It is general-
ly believed that two main factors affect oxygen levels in
water (Rabalais et al., 2002). Oxygen enters deep waters
through ocean circulation, creating oxic environments
when deep water formation is strong. Conversely, intensi-
fied water stratification or weakened circulation reduces
the supply of oxygen, leading to hypoxic or euxinic condi-
tions (Lenton, 2000; Ozaki and Tajika, 2013). Second, the
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deposition of organic matter, driven by increased primary
productivity, can significantly impact oxygen levels,
thereby altering redox conditions (Algeo et al., 2010;
Meyer et al., 2016; Ozaki and Tajika, 2013). Additionally,
changes in ice shelf and sea ice coverage regulate gas ex-
change and water mixing, affecting oxygen transport
(Baloza et al., 2022, 2023; Huang et al., 2023). Huang et
al. (2023) reconstructed the retreat history of the Ross Ice
Shelf since the LGM using core ANT31-JB06, highlight-
ing its role in regulating deep-water oxygenation. Global
ocean circulation, particularly the Atlantic meridional
overturning circulation (AMOC) and Ross Sea bottom
water (RSBW), also influences oxygen levels through
changes in deep water ventilation intensity (Guo et al.,
2016; Zhang et al., 2019).

As the hub of global ocean circulation, the Southern
Ocean plays a crucial role in climate regulation and
marine systems. Within this framework, RSBW plays
an essential role. It not only drives deep water circulation
and ventilates the deep ocean but also supplies oxygen-
rich water to the global oceans, influencing redox condi-
tions worldwide (Jacobs et al., 1970; Orsi and Wieder-
wohl, 2009). The Ross Sea, the second largest marginal
sea of the Southern Ocean, is a significant source of
Antarctic bottom water (AABW). Approximately 20%
of AABW is derived from RSBW (Carmack and Kill-
worth, 1978; Rintoul, 1985), making it a key factor in
regional material cycling (Xiu et al., 2020). The north-
ward expansion and southward retreat of RSBW affect
deep circulation in the Southern Ocean, which in turn in-
fluences sensitive global climate shifts (Olund et al.,
2018; Xiu et al., 2020). Therefore, changes in the redox
conditions of the Ross Sea are of particular significance,
as they exert a direct influence on the redox state of the
global ocean.

Research on the redox environment in the Ross Sea
has predominantly focused on the effects of climate
change, sea ice coverage, bottom water circulation, and
biological productivity. Climate change has a significant
effect on redox environments, particularly through tem-
perature and sea ice fluctuations. During glacial periods,
low temperatures and extensive sea ice coverage hinder
oxygen replenishment to deep waters, creating hypoxic,
reducing conditions (Kajanto et al., 2024). However, with
the onset of interglacial periods, reduced sea ice cover and
enhanced bottom water upwelling improve oxygen sup-
ply to deep waters, improving the oxidative environment
(Matthews and Briffa, 2005). Nevertheless, in some cases,
even during warmer periods, the oxygen supply to deep
waters remains insufficient, resulting in low oxygen con-
ditions in some areas.

Changes in biological productivity are another impor-
tant factor affecting redox conditions. Increased produc-
tivity leads to greater organic matter deposition and de-
composition, which in turn consumes more oxygen.
Research has shown that while primary productivity

increased in certain periods of the Ross Sea, this also
resulted in increased organic carbon decomposition, fur-
ther depleting oxygen and reducing the oxidation environ-
ment (Kajanto et al., 2024). Additionally, the changes
in the molar concentration ratios of Mn/Ti, Mo/Ti, and
Cd/Ti can reflect shifts in redox conditions. For instance,
increases in Mn/Ti ratios are associated with enhanced ox-
idative conditions, while Mo/Ti ratios are linked to the in-
tensification of reducing environments (Matthews Briffa,
2005). The Cd/Ti ratio, on the other hand, may be related
to the formation of sulfur compounds, particularly in peri-
ods of complex redox shifts, where the binding and des-
orption of cadmium and sulfur directly influence concen-
trations (Landais et al., 2015). These factors together help
explain the dynamic changes in the redox environment of
the Ross Sea.

Previous studies have shown that the deep waters of
the Ross Sea have remained oxic since the LGM, with
four notable oxic pulses. These pulses are linked to en-
hanced RSBW formation and low surface water produc-
tivity in the Ross Sea, while the termination of these oxic
events likely contributed to rapid increases in atmospher-
ic pCO, (Wang et al., 2018). However, Song et al. (2019)
suggested that the redox conditions in the Ross Sea since
the LGM are less influenced by RSBW and organic mat-
ter, and more shaped by ice shelf and sea ice dynamics.
To study the redox conditions of deep oceans, multiple
proxies such as petrology, paleontology, elemental geo-
chemistry, and isotopic geochemistry have been devel-
oped (Mansour et al., 2020; Fan et al., 2020). While each
proxy has its advantages in specific geological settings,
the redox conditions they reflected can vary across differ-
ent sedimentary environments (Fan et al., 2022). Among
them, redox-sensitive element (RSE) are widely used due
to their highly responsive behavior in varying sedimenta-
ry settings and broad applicability (Russell and Morford,
2001). Using a combination of multiple elemental proxies
allows for more accurate reconstructions of redox condi-
tions in deep waters (Tribovillard et al., 2006; Wang et al.,
2018), which is a distinct advantage of RSE over other
proxies.

Therefore, this study analyzes core ANT32-RB16C
from the Ross Sea, examining major and trace elements,
grain size, organic carbon, and nitrogen isotopes. Appro-
priate redox proxies were selected, and together with the
chronological framework of the core, the study explores
the changes in redox conditions in the Ross Sea since the
LGM and their influencing factors. This study aims to
provide novel insights into the redox conditions of the
Ross Sea by integrating multiple redox proxies, thereby
advancing our understanding of the intricate relationships
between global ocean circulation and climate change. At
the same time, this research fills some gaps in the study of
redox environments in the region and provides detailed
evidence and theoretical support for research on global
climate change.
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2 Regional overview

The Ross Sea, located in the Pacific sector of the
Southern Ocean south of 70°S, is bordered by Victoria
Land to the west and King Edward VIl Land to the east,
with the Transantarctic Mountains to the west and the
Ross Ice Shelf (RIS) to the south (Anderson et al., 2014;
Mosola and Anderson, 2006; Smith et al., 2012). It forms
a near-triangular marine region (Fig. 1). The southern part
of the Ross Ice Shelf is the largest ice shelf in the world,
covering approximately 45 000 km?. The central and east-
ern portions are primarily fed by the West Antarctic ice
sheet (WAIS), while the western section is mainly sup-
plied by the East Antarctic ice sheet (EAIS) (Anderson et
al., 2002).

The sea ice in the Ross Sea exhibits clear seasonal
variability. In winter, sea ice can expand as far north as
59°S; during the summer, the coverage reduces to about
20% of its winter extent, with ice remaining only in the
eastern shelf edge and along certain coastal regions of
Victoria Land (Liu et al., 2016). During the LGM, both
the coverage and thickness of the sea ice increased, ex-
tending northward to the outer continental shelf (Muratli
et al., 2010). Although most of the ice shelf is grounded
on the continental shelf, some bottom domes formed at
the leading edge of the ice shelf (Anderson et al., 2014;
Smith et al., 2014). According to Licht et al. (1999), the
grounding line of the ice shelf did not extend beyond 74°S
in the western Ross Sea during the LGM. As deglaciation
progressed, the RIS began to retreat significantly, al-
though the extent of this retreat varied due to different cli-
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matic events. This retreat persisted into the early
Holocene (11.7-9.0 ka), with the process largely halting
by around 5 ka due to the influence of subglacial lakes
(Huang et al., 2005).

Key water masses in the Ross Sea include Antarctic
surface water (AASW), RSBW, circumpolar deep water
(CDW), modified circumpolar deep water (MCDW), dense
shelf water (DSW), and ice shelf water (ISW) (Fig. 1).
Near the Antarctic continent, AASW circulates counter-
clockwise, with summer temperatures reaching up to
2.0°C and salinities ranging from 33.5 to 34.5. RBSW can
transport meltwater from the eastern Amundsen Sea into
the Ross Sea (Smith et al., 2014). DSW, characterized by
low temperatures, high salinity, and high density, forms
during sea ice production (Basak et al., 2015). The forma-
tion of DSW is influenced by the advance and retreat of
the RIS (Tamura et al., 2008). CDW is the most
widespread water mass in the Southern Ocean and mixes
with other water masses in the Ross Sea to transform into
the warmer, less saline MCDW that flows onto the conti-
nental shelf (Dinniman et al., 2011; Yokoyama et al.,
2016). Due to its relatively warm temperature, MCDW
significantly influences the ice shelves and biological pro-
ductivity.

Modern sea ice in the Ross Sea is predominantly com-
posed of annual ice, with multi-year ice found only along
the coast of Victoria Land and the western continental
slope (Smith et al., 2014). The distribution of modern ice
shelves shows notable seasonal changes; during the
Southern Hemisphere’s winter, the maximum extent is
typically reached in September, covering nearly the entire
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Fig. 1. Location of ANT32-RB16C and other sediment cores, along with circulation patterns in the Ross Sea. The po-
sitions of ANT32-RB16C, ANT31-R23 (Wang et al., 2018), ANT31-JB06 (Huang et al., 2016), ANT37-C5/6-07 (Hu et
al., 2023), EDML (Fischer et al., 2007), WDC (WALIS Divide Project Members, 2015), Dome C (Monnin et al., 2004;
Schmitt et al., 2012), and BC006, BC008, BC010 (Cui et al., 2021) were marked. AASW: Antarctic surface water; RS-
BW: Ross Sea bottom water; DSW: dense shelf water; CDW: circumpolar deep water; MCDW: modified circumpolar

deep water; ISW: ice shelf water.
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Ross Sea continental shelf. In summer, the sea ice cover-
age decreases dramatically, reaching its minimum in
February (Gersonde et al., 2005; Stammerjohn et al.,
2012). The unique topography of the Ross Sea promotes
the formation of katabatic winds, which reduce ice con-
centrations along the front of the RIS and the coast of Vic-
toria Land. This reduction in ice coverage allows polynyas
and open water areas to form during the summer months
(Pease, 1987). These polynyas contribute to the produc-
tion of sea ice and serve as a significant source of high-
salinity shelf water.

3 Samples and methods

3.1 Samples

The study focuses on the ANT32-RB16C sediment
core collected from the northwest continental shelf of the
Ross Sea by China’s 32nd Antarctic Scientific Expedition
(74°31'06"S, 175°07'15"E, water depth 471 m). The total
length of the sediment core sample is 232 cm, and its
lithology is uniform, consisting primarily of sandy silt.
Based on the stratigraphic characteristics of the sediment
core, it can be roughly divided into four segments from
top to bottom.

(1) 0-6 cm

Yellow-green, soft texture, weakly cohesive, no dis-
tinct order, well-sorted, composed of gray-green diatoma-
ceous clayey silt.

(2) 674 cm

Yellow-green, soft texture, weakly cohesive, no dis-
tinct order, well-sorted, containing sandy clay with hard
cores, comprising gray-green silty clay.

(3) 74-161 cm

Dark gray, soft texture, weakly cohesive, no distinct
order, contains gravel, primarily clay with silt, compris-
ing dark gray clayey silt with grains.

(4) 161-232 cm

Dark gray, denser texture, weakly cohesive, no dis-
tinct order, reduced gravel content, containing sandy grav-
el and hard cores, primarily clay with silt, comprising dark
gray clayey silt.

3.2 Redox condition proxies

To exclude the effects of diagenesis (Ordoiiez et al.,
2024), a significant concentration of RSE in the water can
serve as an indicator of oxygen levels at the bottom wa-
ters and the water-rock interface (Brown et al., 2000;
Calvert and Pedersen, 1993). Different RSEs have vary-
ing sensitivities to the redox conditions of the water, lead-
ing to their accumulation in sediments under different re-
dox environments (Tribovillard et al., 2006).

Manganese (Mn) tends to form manganese oxides [Mn
(IV)] under oxidizing conditions, while in reducing or
suboxic conditions, it dissolves in the form of ionic man-
ganese [Mn (II)] (Calvert and Pedersen, 1993, 1996).
Thus, the concentration of Mn in sediment records can re-

flect ancient redox changes. Cobalt (Co) is similarly con-
trolled by redox conditions, and in marine sediments, it
readily adsorbs onto Fe-Mn oxides, co-precipitating with
them under oxidizing conditions. Therefore, both Mn and
Co can serve as indicators of oxidation intensity. Molyb-
denum (Mo) and cadmium (Cd) present different varia-
tions compared to Mn and Co in different redox environ-
ments. For example, in oxygen-rich to suboxic waters, Mo
and Cd exist in stable ionic forms, while Mn and Co pre-
cipitate from the water. In anoxic waters, the situation is
reversed. Due to its strong affinity for sulfur, Mo readily
forms sulfide solid solutions when a certain amount of
H,S is present in the water, strongly adsorbing Mo and re-
acting to produce MOO4_X52_, which adsorbs onto hu-
mic/organic matter surfaces, forming authigenic precipi-
tates (Adelson et al., 2001; Calvert and Pedersen, 1993,
1996; Xu et al., 2007). Similarly, Cd responds to redox
conditions much like Mo. In reducing environments, Cd
reacts with sulfide (S2-) to form insoluble CdS, leading to
its enrichment in sediments. Under oxic conditions, Cd re-
mains dissolved as Cd?", but in suboxic to sulfidic envi-
ronments, sulfate reduction produces H,S, releasing S>-.
Cd?* then precipitates as CdS, which is highly stable in
anoxic conditions and resistant to reoxidation. Thus, Mo
and Cd can serve as an indicator of reducing environ-
ments. Titanium (Ti) is a common terrigenous element,
and due to its chemical stability, it is less affected by
changes in seawater redox conditions. It can be used as a
correction factor for the dilution effects of other elements,
thereby excluding the influence of terrigenous compo-
nents on sediments.

The ratios of Ni/Co and U/Th are commonly used to
reflect the redox conditions of water. Both elements tend
to accumulate under suboxic or anoxic conditions, but
their accumulation in sediments varies due to their differ-
ing geochemical properties. Therefore, their ratios can in-
dicate the reducing state of the water (Chang et al., 2009).
The Ni/Co and U/Th ratios are particularly suitable for
quantitative analysis due to their regularity and sensitivity
to redox conditions (Tribovillard et al., 2006; Algeo and
Maynard, 2004). The elements in these ratios exhibit sig-
nificant distribution differences under varying redox con-
ditions, and their geochemical behavior is stable, primari-
ly controlled by redox conditions. This allows these ratios
to provide a reliable and quantitative evaluation of redox
condition (Morford and Emerson, 1999). Furthermore,
they have been widely validated in numerous studies,
making them a robust tool for assessing redox environ-
ments (Wignall and Twitchett, 1996; Algeo and Liu,
2020; Wei, 2012). The corresponding relationships are
summarized in Table 1.

Therefore, this study ultimately uses the Ti-normal-
ized element ratios of Mn/Ti and Co/Ti as proxies for the
oxidation intensity in the study area, while Mo/Ti, Cd/Ti,
U/Th, and Ni/Co serve as proxies for the redox environ-
ment. Additionally, U/Th and Ni/Co are selected as quan-
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ments (Tribovillard et al., 2006)

Geochemical indicators of redox-sensitive ele-

U/Th Ni/Co
Oxic <0.75 <5
Suboxic 0.75-1.25 5-7
Anoxic >1.25 >7

titative indicators for describing the redox conditions, al-
lowing for a comprehensive investigation of changes in
the redox environment.

3.3 Grain size

The advance and retreat of sea ice have significant ef-
fects on redox conditions. In addition to the ssNa* (sea-
salt sodium) content in ice cores, sediment grain size frac-
tions greater than 63 pum can be considered ice-rafted de-
bris (IRD) (Dickmann and Kuhn, 1999; Lei et al., 2022;
Li et al., 2015). Changes in IRD reflect historical climate
changes and glacial activities. Analyzing IRD in sedi-
ments allows for the reconstruction of ancient deposition-
al environments and reveals the processes of glacial ex-
pansion and retreat, which can provide insights into redox
conditions (Liu et al., 2015). In this study, the grain size
fraction greater than 63 um from the ANT32-RB16C core
is selected as a proxy for ice-rafted debris.
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4 Results

4.1 Age framework

The method used to establish the age model for the
sediment was based on the research findings of Song
Lehui (Song et al., 2019). Radiometric dating was per-
formed using 219Pb and total carbon samples from the sed-
iment, resulting in an age of 5 008 a BP for the top of the
core and 29 712 a BP for the bottom (Fig. 2).

Combining previous studies (Anderson et al., 2002),
the results from 2!19Pb and total carbon dating were calcu-
lated, with the result of 5 008 a BP being designated as the
old carbon age. After accounting for the influence of old
carbon age at each depth level, the final calendar ages
were determined: the top of the sediment core is 0 a BP,
and the bottom age is 24 762 a BP (Table 2). This time-
frame corresponds to the early stage of LGM (Song et al.,
2019).

4.2 Variations in redox proxies

To eliminate the influence of different elemental con-
centration magnitudes and ensure comparability in statisti-
cal analysis, this study applied Z-score standardization to
redox-sensitive elements and other indicators during re-
sult analysis (Jolliffe, 2002). The Z-score standardized re-
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Fig. 2. Depositional rates of sample ANT32-RB16C (a), probability density and differentiation patterns of sample

ANT32-RB16C (b).

Table 2. AMS!4C data and calendar age of core ANT32-RB16C

Sedimentary layer/cm Sample material

Observed value/a

(Reservoir age + Old carbon age)/a  Calibrated age/a BP

0-2 Organic carbon 6 000 £ 30
4-6 Organic carbon 5150+30
6-8 Organic carbon 5440 +30
42-44 Organic carbon 9620 +40
44-46 Organic carbon 8960 + 30
72-74 Organic carbon 16 400 + 50
74-76 Organic carbon 17 520 + 50
136-138 Organic carbon 25610+ 100
138-140 Organic carbon 24910 +90
154-156 Organic carbon 26390+ 110
204-206 Organic carbon 25040 + 100
206-208 Organic carbon 27410+ 130
230-232 Organic carbon 25420+ 100

5008 0
5008 521
5008 778
5008 -
5008 4627
5008 13 988
5008 15143
5008 -
5008 20385
5008 -
5008 23755
5008 -
5008 24762

Note: The calendar age was obtained by subtracting the sum of the carbon reservoir age and the old carbon age (5 008 a) from the

age fitted using the Bacon 2.3.3 program. — represents no data.
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sults are primarily used for analyzing relative variation
trends, revealing the relative changes of RSE across dif-
ferent layers or time series (Liu et al., 2015). The mean of
the standardized data is 0; a Z-score greater than 0 indi-
cates element enrichment, while a Z-score less than 0 sug-
gests depletion, reflecting the evolution of different redox
environments (Liu et al., 2015; Song et al., 2019). For ex-
ample, a high Z-score for Mn typically indicates an oxi-
dizing environment, whereas high Z-scores for U and Mo
may suggest anoxic or reducing conditions (Tribovillard
et al., 2006; Wang et al., 2019; Yang et al., 2021). Z-score
normalization eliminates concentration differences among
redox-sensitive elements, ensuring comparability in statis-
tical analysis and aiding in environmental comparisons
(Liu et al., 2015; Jolliffe, 2002). However, it can be sensi-
tive to extreme values and mainly highlights relative
rather than absolute changes, potentially masking impor-
tant trends. To address this, the study combines original
data trends and cross-validates with different elements to
ensure the Z-score reflects true environmental changes,
not artifacts from standardization. After Z-score standard-
ization, the trends of multiple redox-sensitive indicators

Ti/10° (Mn/Tiy10'  (Co/Ti)/10°
32 40 48 0608101214 1.6 2.4 32 4.0

(Mo/Ti)/10*
0246810

align with those of the original data. This indicates that al-
though the standardization removed the magnitude differ-
ences between the concentrations of various elements, the
change patterns in redox conditions reflected by the dif-
ferent elements have been accurately preserved. Specifi-
cally, the standardized trends are consistent with the fluc-
tuations of redox conditions observed in the original data,
without significant deviation. Therefore, it can be con-
firmed that Z-score standardization effectively retained the
change characteristics of redox conditions across differ-
ent stages and did not disproportionately affect the rela-
tive change trends of the original data. This further vali-
dates the feasibility and effectiveness of the standardiza-
tion method in multivariate analysis.

After Z-score standardization, the U/Th ratio of the
ANT32-RB16C core sediments ranges from —1.07 to 3.16,
which is below the oxic-to-anoxic boundary of 0.75, indi-
cating an oxic environment. The Ni/Co ratio varies from
—1.66 to 2.92, which is significantly lower than the oxic-
anoxic boundary, also indicating an oxic environment.

As shown in Fig. 3, the oxidative environment indica-
tors (Mn/Ti and Co/Ti) and the reductive environment in-

(CA/Ti)/10°
0 6121824
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0 030609 56 7 8 9
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Fig. 3. Variations in oxidation intensity proxies in sediment core ANT32-RB16C. The Ti content in core ANT32-
RB16C (Z-score standardization) (a), the Mn/Ti ratio in core ANT32-RB16C (Z-score standardization) (b), the Co/Ti
ratio in core ANT32-RB16C (Z-score standardization) (c), the Mo/Ti ratio in core ANT32-RB16C (Z-score standardiza-
tion) (d), the Cd/Ti ratio in core ANT32-RB16C (Z-score standardization) (e), the U/Th ratio in core ANT32-RB16C
(Z-score standardization) (f), the Ni/Co ratio in core ANT32-RB16C (Z-score standardization) (g), the Ti content in core
ANT32-RB16C (raw data) (h), the Mn/Ti ratio in core ANT32-RB16C (raw data) (i), the Co/Ti ratio in core ANT32-
RB16C (raw data) (j), the Mo/Ti ratio in core ANT32-RB16C (raw data) (k), the Cd/Ti ratio in core ANT32-RB16C
(raw data) (1), the U/Th ratio in core ANT32-RB16C (raw data) (m), the Ni/Co ratio in core ANT32-RB16C (raw data)

(n).
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dicators (Mo/Ti, Cd/Ti, U/Th, and Ni/Co) generally show
a negative correlation. The changes can be divided into
four phases.

(1) Phase 1 (24.7-15.7 cal ka BP)

During this phase, Mn/Ti fluctuates greatly but shows
an overall increasing trend (Fig. 3b), with peaks at
16.9 cal ka BP, 18.8 cal ka BP, and 22.1 cal ka BP, reach-
ing a maximum of 1.81. A trough appears at 21.2 cal ka
BP with a value of 0.03, creating a fluctuation range of
1.78. Co/Ti, which represents oxidation and is related to
the precipitation of iron-manganese oxides, shows a lag
compared to Mn/Ti but follows a similar trend, with no-
table peaks at 16.2 cal ka BP, 18.2 cal ka BP, and 20.3 cal
ka BP, with the highest value being 2.44 (Fig. 3c). In con-
trast, the reductive indicators (Mo/Ti, Cd/Ti, U/Th, and
Ni/Co) remain low throughout this phase, with minimal
fluctuations. Peaks occur around 17.1 cal ka BP to 16.8
cal ka BP, with values of 0.28, 0.76, 0.33, and 0.42, re-
spectively, while troughs occur between 11.1 cal ka BP
and 10.7 cal ka BP.

(2) Phase 2 (15.7-4.5 cal ka BP)

Both Mn/Ti and Co/Ti show a significant decline
compared to Phase 1 (Figs 3b and c). Mn/Ti decreases
from 0.75 at the beginning of Phase 2 to —1.59 by its end.
Co/Ti also declines, though it fluctuates more frequently.
The reductive indicators, Mo/Ti and Cd/Ti, increase, with
Mo/Ti peaking sharply at 7.0 cal ka BP to 7.6 cal ka BP,
and Cd/Ti showing larger fluctuations, especially at
11.0 cal ka BP, 7.6 cal ka BP, and 6.6 cal ka BP. U/Th
and Ni/Co show a more gradual rise, with occasional
peaks but without crossing the boundary into anoxic con-
ditions (Figs 3f and g).

(3) Phase 3 (4.5-1.5 cal ka BP)

The oxidative indicators (Mn/Ti and Co/Ti) show a
further decrease, with Mn/Ti ranging from —1.37 to —1.59
and Co/Ti from —0.84 to —1.72 (Figs 3b and c). On the
other hand, the reductive indicators increase significantly
compared to Phase 2, with Mo/Ti peaking at 3.7 cal ka
BP, 3.0 cal ka BP, and 2.2 cal ka BP, reaching values as
high as 3.72. Cd/Ti also shows a sharp increase, peaking
at 3.50 at 2.4 cal ka BP.

(4) Phase 4 (1.5-0 cal ka BP)

Mn/Ti increases sharply, reaching values between —1.72
and —0.37, while Co/Ti declines early in this phase, reach-
ing a trough at 0.5 cal ka BP before rising again (Fig. 3c).
Reductive indicators show varied changes: Mo/Ti fluctu-
ates between —0.60 and 0.24, and Cd/Ti drops rapidly
from 3.23 to —0.63 after Phase 4 begins, with a subse-
quent increase (Figs 3d and e).

4.3 Changes in grain size (>63 pum)

The proportion of IRD varies from 8.01% to 41.18%,
with an average of 20.32% (Fig. 4n). During 23.55—
20.2 cal ka BP, the IRD content fluctuates frequently,
reaching its highest variability during 23.0-20.2 cal ka
BP. At 20.2-13.1 cal ka BP, IRD decreases overall, with

some brief but sharp fluctuations. At 13.1-3.1 cal ka BP,
the IRD content declines steadily, and at 3.1 cal ka BP, it
rises again, reaching 16.2% by the end of the deposition
process.

5 Discussion

5.1 High oxidation environment stage (P7)

This stage spans the LGM and the early period of the
last deglaciation (24.7-15.6 cal ka BP), lasting approxi-
mately 9.1 ka. During this time, the oxidizing environ-
ment exhibits a pronounced peak. The oxidation indicator
Mn/Ti indicates a significant accumulation of Mn, result-
ing in the formation of oxidized precipitates, with Co also
adsorbing and depositing in large quantities. Both oxida-
tion indicators reach high values, with multiple peaks ob-
served (Fig. 4h). Conversely, reduction environment indi-
cators such as Mo/Ti and U/Th show low values during
this period; although peaks occasionally occur, the over-
all levels remain low, and the duration of these peaks is
short, having little effect on trend changes (Figs 4j and k).
Additionally, U/Th consistently stays below the critical
threshold for the transition from oxic to suboxic condi-
tions, indicating that the study area remains in an oxygen-
rich environment.

As a decisive factor for redox environments, changes
in oxygen levels are crucial, with deep ocean oxygen re-
plenishment primarily dependent on ocean circulation
(Stramma and Schmidtko, 2021; Tabata, 1961). Global
thermohaline circulation transports oxygen-rich surface
water into the deep ocean, influencing oxygen distribu-
tion in deeper water (Clark et al., 2002). In polar regions,
cooling seawater sinks due to increased density, carrying
large amounts of oxygen into the deep ocean and forming
deep water (Orsi et al., 1999). This cooling effect is par-
ticularly pronounced in the Antarctic and Arctic regions.
As these oxygen-rich waters circulate globally, they grad-
ually transfer oxygen to deep marine environments, main-
taining oxygen supply in the deep ocean (Johnson, 2008;
Solodoch et al., 2022).

The retreat of sea ice is a critical factor for oxygen re-
plenishment. Climate-induced melting in high-latitude re-
gions exposes ocean surfaces, facilitating gas exchange
between the atmosphere and the ocean. This process al-
ters seawater density, enhancing vertical mixing and oxy-
gen transport at various depths (Pedro et al., 2016; Nie et
al., 2015). Furthermore, sea ice retreat increases photosyn-
thetic efficiency by providing more open water areas,
which improves atmospheric exchange and contributes to
oxygen replenishment.

In the Ross Sea, a major site for the formation of RS-
BW (Budillon et al., 2011; Whitworth and Orsi, 2006), the
process is especially significant. During the LGM, global
temperatures remained low, even as they began to rise
slowly in the early phase of the last deglaciation
(19.6-15.6 cal ka BP), as seen in 8'80 data from Antarc-
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tic ice cores (EDML and EDC) (Figs 4d and e). Cold air
and strong winds in polar seas cool surface waters, in-
creasing their density through sea ice formation and salin-
ity. These denser waters sink, creating RSBW. This pro-
cess transports oxygen-rich surface waters into the deep
ocean, replenishing oxygen and sustaining deep water cir-
culation, which ensures elevated oxygen concentrations in
bottom waters over time. As a key component of global
thermohaline circulation, RSBW is essential for the long-
term maintenance of oxygen levels in deep-sea environ-
ments.

The first stage is generally characterized by a strong
oxidizing environment, but with variations in oxidation
levels. The peak occurs at the onset of the last deglacia-
tion (19.6-18.5 cal ka BP) and lasts about 1.1 ka, show-
ing significantly higher oxidation levels than other peri-
ods, despite no substantial climatic changes, as indicated
by reduction indicators. Therefore, the peaks are consid-
ered normal, with lower levels in other periods influenced
by other factors. Core data from the Indian Ocean sector
(ANT37-C5/6-07) shows a reducing environment during
this period, aligning with surface productivity changes
and indicating a strong correlation between productivity
and oxidation levels. During the LGM, productivity re-
mained high but was still low overall, with higher nutri-
ent levels and nitrate utilization compared to other stages.
This elevated productivity contributed to oxygen con-
sumption, causing lower oxidation levels despite a gener-
ally high-oxidation environment. The weakening of oxida-
tion conditions during Heinrich Stadial 1 (HS1) (16.4—
18.3 cal ka BP) differed from the LGM, possibly due to
the intensification of AMOC, which weakened and caused
heat accumulation in the Southern Ocean (Hinkley and
Matsumoto, 2001; Shi, 2018), raising temperatures and in-
creasing surface sea temperatures (Long et al., 2024). This
enhanced water stratification, hindering mixing and af-
fecting RSBW formation, led to a slight decrease during
the peak oxidation conditions.

5.2 Oxidation environment weakening stage (P2)

The second stage (15.7-4.5 cal ka BP) begins around
15.7 cal ka BP, coinciding with the HS1 and the Antarctic
cold reversal (ACR, 12.9-14.0 cal ka BP) interval, and
continues until the late Holocene at 1.5 cal ka BP, lasting
approximately 14.2 ka. Quantitative indicators show that
the study area remains in an oxygen-rich condition but
with significant changes. The Mn/Ti ratio begins to de-
cline gradually, with some periods exhibiting brief peaks,
but the overall trend remains unchanged. Similarly, U/Th
and Mo/Ti ratios show troughs but display a clear upward
trend, indicating a decline in the oxidation levels in the
study area.

This phenomenon is linked to changes in oxygen lev-
els. Increased surface productivity leads to substantial or-
ganic matter deposition, consuming oxygen and reducing
water oxygen content, which deteriorates redox conditions

(Anderson et al., 2009; Frank et al., 2000; Jaccard et al.,
2013; Kohfeld et al., 2005). Temperature also plays a cru-
cial role, as warmer temperatures decrease oxygen solubil-
ity in seawater, and reduced cold water formation or less
deep-water descent prevents oxygen-rich water from
reaching deep ocean areas, depleting oxygen and causing
hypoxic or anoxic conditions (Adkins, 2013; Adkins et al.,
2002; Bouttes et al., 2010; Ferrari et al., 2014; Gibson et
al., 1999; Watson and Naveira, 2006; Wolff et al., 2010).

As temperatures rose (Figs 4e and f), ice-rafted debris
significantly decreased, reflecting a rise in surface produc-
tivity. Total organic carbon (TOC) and biogenic barium
(Bio Ba) showed significant changes, and 8!°N increased
(Figs 41, | and m), indicating more nitrate use and substan-
tial organic matter deposition. This consumed oxygen,
worsening redox conditions. While oxygen levels re-
mained relatively high due to factors like RSBW, temper-
ature rise limited ocean circulation, leading to ineffective
oxygen replenishment in deep waters and a continuous de-
cline in redox conditions (Mensah et al., 2021; Orsi et al.,
1999; Chen et al., 2023; Sha et al., 2020).

Throughout this stage, significant climate changes oc-
curred. Following HS1, Antarctic temperatures did not
continue to rise but gradually declined, entering ACR. De-
spite the ongoing downward trend in oxidation conditions
during the ACR, clear peaks appeared, indicating tempo-
rary improvements in the oxidation environment (Figs 4f,
h, and j). During this time, the enhancement of oxidation
conditions was influenced to some extent by a brief inten-
sification of RSBW, which provided oxygen to the deep
water. Additionally, the decrease in temperature and de-
layed retreat of sea ice (Figs 4a and b, d and e, and n) im-
pacted productivity and dissolved oxygen levels. Further-
more, the strengthening of the AMOC was also a signifi-
cant factor contributing to the improvement of the oxida-
tion environment at this time.

At this time, ANT37-C5/6-07 shows an opposite
trend, with its oxidation environment sharply increasing
after the ACR. However, studies on the Ross Sea’s redox
conditions, like Cui et al. (2021), suggest that deep-water
circulation worsened and bottom-waters upwelling weak-
ened, indicating a relatively weak oxidation environment.
Wang et al. (2018) also found four oxidation pulses in the
Ross Sea, possibly linked to enhanced circulation, high-
lighting the differing redox conditions between the Astro-
naut Sea and the Ross Sea, despite similar productivity
changes during the ACR.

During the ACR, although productivity increased in
both areas, the redox trends were different due to sea ice
cover and water mass movement. In the Ross Sea, strong
sea ice and weakened bottom waters upwelling led to in-
sufficient oxygen supply, causing a decline in redox con-
ditions. In contrast, the Astronaut Sea experienced sea ice
retreat, warming surface waters, and enhanced bottom wa-
ters upwelling, which improved oxygen replenishment
and enhanced the oxidation environment. Thus, despite in-
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creased productivity, the differences in bottom waters up-
welling, sea ice, and water mass movement resulted in a
weakening of oxidation in the Ross Sea and an enhance-
ment in the Astronaut Sea.

The Younger Dryas (YD, 11.7-12.2 cal ka BP) repre-
sents a sudden cooling event during the warming process
of the last deglaciation, with temperatures rapidly drop-
ping to levels near the last glacial period. However, the
Antarctic did not experience a similar degree of cooling
and remained in a relatively warm state, a phenomenon
associated with the “seesaw” mechanism of climate be-
tween the Northern and Southern Hemispheres (Landais et
al., 2015). During this period, the redox environment in
the study area underwent significant changes. While ox-
idative indicators showed a slight decrease, the decline
was not substantial, whereas reductive indicators in-
creased notably. This shift can be attributed to several in-
terconnected environmental mechanisms. First, rising
temperatures intensified water stratification, limiting deep
water oxygenation and promoting reductive element accu-
mulation. Second, the retreat of sea ice reduced nutrient
availability, suppressed primary productivity, and low-
ered oxygen consumption, reflected by a drop in §!5N.
Lastly, increased temperatures likely accelerated organic
matter decomposition, further depleting oxygen in deep
waters. In summary, the YD redox changes were driven
by sea ice retreat, temperature rise, and intensified stratifi-
cation, leading to a shift toward more reductive condi-
tions.

The study area experienced a brief improvement in
oxidation conditions during the ACR period, followed by
a gradual decline in temperatures. The overall warming
trend in the study area led to a reduction in the extent of
sea ice in the Antarctic, weakening the cooling effect and
the formation of RSBW, thereby reducing the oxygen sup-
ply to deep waters. Additionally, the retreat of sea ice con-
tributed to an increase in primary productivity (Figs 41, 1,
and m), resulting in higher organic carbon deposition and
decomposition, consuming more oxygen. The combina-
tion of insufficient oxygen supply in deep waters, in-
creased productivity, and enhanced organic matter decom-
position led to a decline in the oxidation environment. The
oxidation environment in the Astronaut Sea remained at
high levels throughout the P2 stage due to the influence of
sea ice coverage and water mass factors, reaching a peak
between 8.5 cal ka BP and 9.0 cal ka BP.

5.3 Oxidation environment stable fluctuation
stage (P3)

The third stage (4.5-1.5 cal ka BP) represents a rela-
tively unique phase in the sedimentary record. During this
period, although oxidation indicators exhibited a declin-
ing trend, the changes were minor and remained within a
narrow range of fluctuations, suggesting a continued
weakening of oxidative conditions. In contrast, reduction
indicators showed pronounced responses. The U/Th ratio

indicated that, while conditions remained oxygen-rich, el-
emental levels approached the threshold for oxygen-rich
environments. Notably, the two reduction indicators in-
creased significantly and displayed wide fluctuations, con-
trasting sharply with the relatively stable oxidation indica-
tors (Figs 4h, j and k). This pattern suggests that the study
area was transitioning into a phase of enhanced reducing
conditions.

This phenomenon reflects substantial oxygen con-
sumption, likely driven by several factors, including in-
creased productivity, organic matter deposition, and re-
duced ocean circulation. Productivity levels underwent
significant changes during this stage, reaching extremely
high values compared to the previous two phases (Figs 4i
and 1). Other climatic factors remained relatively stable,
implying that productivity changes may have played a
dominant role. The high productivity led to substantial or-
ganic matter deposition, with its subsequent degradation
consuming oxygen and intensifying reducing reactions.
The influx of organic matter likely stimulated the activity
of anaerobic microorganisms in bottom waters or sedi-
ments, releasing more reducing substances such as hydro-
gen sulfide. Meanwhile, oxidative reactions did not inten-
sify significantly due to insufficient oxygen availability.

5.4 Rapid recovery stage of the oxidation envi-
ronment (P4)

The fourth stage (1.5-0 cal ka BP) occurs at the end of
the Holocene. At this time, the Mn/Ti and Co/Ti ratios
suddenly increased, but the increase was slow. The Mo/Ti
ratio, which represents the reductive environment, contin-
ued to decline, while the Cd/Ti ratio, which also indicates
the reductive environment, showed a sharp increase
around 1.2-0.5 cal ka BP (Figs 4h, j, and k), although its
overall trend is similar to Mo/Ti. It is speculated that this
may be related to the different affinities of Cd and Mo for
sulfur. Cd has a closer affinity to sulfur, and the forma-
tion of cadmium sulfide deposits may lead to an increase
in the Cd/Ti ratio. In contrast, Mo has a weaker affinity
for sulfur. Therefore, the sudden increase and decrease in
the Cd/Ti ratio may be related to changes in sulfur deposi-
tion, especially in cases where the oxidative environment
is undergoing complex changes. The combination and re-
lease of cadmium and sulfur directly affect its concentra-
tion. The U/Th values indicate that the oxidation environ-
ment of the water body increased from near hypoxic lev-
els in the third stage to a high-oxygen environment, even
reaching the highest level observed throughout the sedi-
mentary process, suggesting a rapid enhancement of the
oxidation environment.

After enduring stable climatic changes during the
Holocene, the Little Ice Age (LIA, 1.5-0 cal ka BP) sud-
denly emerged, with cooling temperatures and expanded
sea ice enhancing the oxidation environment in the Ross
Sea (Kajanto et al., 2024; Matthews and Briffa, 2005).
This process also facilitated a brief intensification of RS-
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BW, providing oxygen to deep waters. Meanwhile, the
continuously declining levels of productivity limited or-
ganic matter deposition, consequently reducing oxygen
consumption.

6 Conclusions

This study reveals significant changes in the redox en-
vironment of the study area since the LGM, demonstrat-
ing the profound impact of global climate change on deep-
sea oxygen supply and organic matter degradation pro-
cesses. Through detailed tracking of redox condition
changes, the study shows that rising temperatures, ice
shelf retreat, and increased productivity have strength-
ened reducing conditions, while the glacial period acceler-
ated the formation of oxidation environments. Notably,
peak oxidation conditions occurred during the LGM and
the early deglaciation phase (24.7—15.6 cal ka BP), main-
tained primarily by deep water circulation and the forma-
tion and transport of RSBW. Subsequently, during the late
deglaciation and early Holocene (15.7—4.5 cal ka BP), ox-
idation conditions gradually declined, with sea ice retreat
and increased productivity leading to organic matter depo-
sition and oxygen consumption in deep waters. In the late
Holocene (4.5-1.5 cal ka BP), the redox environment con-
tinued to weaken, indicating the dominant role of produc-
tivity changes in this phase. Finally, during the LIA, the
redox environment rapidly recovered, closely linked to
climate cooling, sea ice expansion, and the strengthening
of RSBW. This study demonstrates how global climate
change, sea ice dynamics, and productivity fluctuations
collectively impact deep-sea oxygen supply and redox en-
vironments. It also highlights the close relationship be-
tween changes in redox conditions, climate, vertical ocean
mixing, and biological productivity. By providing a new
perspective, this work deepens the understanding of the
interaction between climate change and deep-sea oxygen
circulation, offering valuable data support for future polar
ocean system research.
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