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The paleoproductivity in the Southern Ocean plays a crucial role in controlling the atmospheric CO2 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 CO2 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 CO2 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 CO2 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 CO2, 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 CO2 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 CO2 in water for growth, consequently providing over 75% of the Southern Ocean’s export productivity (Quéguiner 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 (Tréguer, 2002). Biogenic silicon is a valuable proxy and is closely associated with climatic conditions (Armand et al., 2005; Crosta et al., 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 (BaSO4) 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 (Hoogakker et al., 2015; Jaccard et al., 2016; Jacobel et al., 2017; Anderson et al., 2019). The temporal evolution of bottom water oxygenation can be 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 CO2 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 CO2 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. 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 et al., 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.




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 Lützow-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).




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).



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 Tmin 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).

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 et al., 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.




Figure 2 | Downcore distribution patterns of the paleoproductivity proxies, oxygenation proxies, and the percentage of >63 μm 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 µm grains, and (K) mean grain size of core sediments.






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) 14C-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 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 14C-dating analysis of these samples at the Beta Analytic Testing Laboratory, Miami (Table 1).


Table 1 | AMS 14C data and the calibrated calendar ages for the top 91 cm of core ANT37-C5/6-07.






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 (R2 = 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:




Figure 3 | Effects of different Ba/AI and Ba/Ti ratios (Eqs. (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.



 

 

where Bio Ba denotes biogenic barium, and Batotal, Alsam, and Tisam are the total Ba, total Al, and total Ti contents in the sediment sample, respectively. (Ba/Al)ter and (Ba/Ti)ter are used to indicate the abundance of Ba in the continental crust. The Ba/Al ratio of 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)ter 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)ter and (Ba/Ti)ter. However, the range of the Bio Ba values calculated using (Ba/Al)ter 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).




Figure 4 | Comprehensive comparison of paleoproductivity and oxygenation proxies of our samples with records from ice cores and other sediment cores. (A) EDML δ18O content (EpicaCommunityMembers, 2006), (B) EDC CO2 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 μm grains, (M) Bio Ba content, (N) Si/Ti ratios, and (O) Ca/Ti ratios of core sediments.



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) (Mn2+ or MnCl+) 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 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 14C 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 off 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.

Similarly, AMS 14C 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 AIO ages complicates the reliability of 14C-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 210Pbex in the top 20 cm section of adjacent core ANT36-C4-05. They found that the specific activity of 210Pbex 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).




Figure 5 | Accumulation rates and calibrated calendar ages for the top 91 cm of core ANT37-C5/6-07.






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/Ti ratio exhibited a minor peak at ~19.1 Cal ka BP, followed by a decline before entering Heinrich Stage 1 (HS1, 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 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 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 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 (R2 = 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).




Figure 6 | Downcore distribution patterns of the terrestrial and oceanic contribution ratios of the TOC, (A) δ13C, (B) δ15N, (C) TOC/TN ratios, (D) Fe content, and (E) the correlation between TOC (%) and TN (%).



The ratio of the total organic carbon to the total nitrogen (TOC/TN) and the δ13C 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 ≥20 (Emerson and Hedges, 1988; Gao et al., 2008). Marine organic carbon has a classic range of δ13C value of −22 ‰ to −19 ‰ (Fontugne and Jouanneau, 1987), but previous studies have reported that the δ13C 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 δ13C 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 δ13C value, we also utilized an end-component mixing model to estimate the proportions of the terrestrial and marine organic matter inputs (Eqs. (3)–(6)) (Mei et al., 2015):

 

 

 

 

where TOCter (%) and TOCmar (%) are the percentages of terrestrial and oceanic organic carbon, respectively, TOCter-con (%) and TOCmar-con (%) are the contributions of terrestrial and oceanic organic carbon, respectively, and TOCsam (%) is the total organic carbon content of the sediment samples. δ13Cmar is the δ13C value of the sea-source organic matter endmember, which is the comprehensive level (−26.04‰) of the plankton, benthic organic matter, and seawater particulate organic matter in the Southern Ocean (Kopczyńska et al., 1995; Frazer, 1996; Gillies et al., 2012; Berg et al., 2013; Zhang et al., 2017). δ13Cter is the δ13C value of the terrestrial organic matter endmember, which is taken from the cold vegetation on the Antarctic continent (−21.54‰) (Strauch et al., 2011). δ13Csam is the δ13C value of the organic matter in the core sediments.

According to the calculation results of the endmember mixing model (Table 2), the TOCmar-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).


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.






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; Wolff 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 (Schüpbach 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 μm 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–O), and the Bio Ba contents of cores PS1821-6 and PS1648-1 were also at a low value (Figures 4I, J) (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 surface ocean (Abram et al., 2013). The EDML-δ18O 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 δ13C values during the LGM (Figure 6A) due to their relatively high δ13C values (−15‰ to −8‰) (Gibson et al., 1999). The δ15N 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 δ15N 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 δ15N 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 14C 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 CO2 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 (François et al., 1997; Sigman and Boyle, 2000; 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 CO2 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 East 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; Thöle et al., 2019). In contrast, the δ15N 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 δ15N by suppressing the N isotope effect associated with denitrification (which generally produces low δ15N NH4+). For instance, at ~12 Cal ka BP and ~16 Cal ka BP, two low values of δ15N 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 δ15N records will primarily reflect changes in the δ15N of exported N in most cases, rather than differential alteration (Robinson et al., 2012).

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 BaSO4 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 HS1.




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.



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 CO2 budget. At the beginning of the last glacial termination period (TERM I) at ~17.5 Cal ka BP, radioactive carbon depleted CO2 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 et al., 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 δ15N values, indicating a low efficiency of the biological pump during this period, which permitted a considerable amount of CO2 to escape into the atmosphere (Sigman et al., 2010; Studer et al., 2015).

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 CO2 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–O). The efficiency of the biological pump remained consistent with that during the ACR, i.e., it remained at a low level. The atmospheric CO2 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 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 4I, 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 δ15N 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 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).




Figure 8 | Enhanced ventilation under the East Cosmonaut Polynya conditions since the Holocene.



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 CO2 formed was trapped in the deep Southern Ocean. This likely contributed to the low atmospheric CO2 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 CO2 by the phytoplankton in the surface seawater. A large amount of respiratory CO2 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 during the Last Deglaciation, which were triggered by the transitions from the HS1 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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