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Impact of circumpolar deep
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isotopes and ice-rafted debris in
West Antarctic: a case study in
the Amundsen Sea
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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'%Coyq 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.

* 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
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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-Al11-
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
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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%.
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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 10.29

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
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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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FIGURE 4
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) 613Corg 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), SlsCorg 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
81‘7’CO,9 of the organic matter within the core sediments.
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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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