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Organic carbon (OC) burial in the Antarctic marginal seas is essential for regulating global climate, particularly due to its association with ice shelf retreat. Here, we analyzed total OC (TOC), total nitrogen (TN), radiocarbon isotope, n-alkanes and relative indicators in surface and core sediments from the Ross Sea, West Antarctica. Our aim was to investigate spatial and historical changes in OC sources, and to explore the influencing factors and implications for ice shelf retreat since the last glacial maximum (LGM). Our results revealed distinct spatial patterns of OC sources as indicated by n-alkane indicators in surface sediments. In the Western Ross Sea, n-alkanes predominantly originated from phytoplankton and bacteria, as evidenced by their unimodal distribution, low carbon preference index (CPI) of short-chain n-alkanes (CPIL = 1.41 ± 0.30), and low terrestrial/aquatic ratio (TAR = 0.22 ± 0.14). In the Southwest Ross Sea, n-alkanes were derived from marine algae and terrestrial bryophytes, indicated by bimodal distribution, low ratio of low/high molecular-weight n-alkanes (L/H = 0.62 ± 0.21), low CPI of long-chain n-alkanes (CPIH = 1.18 ± 0.16), and high TAR (1.26 ± 0.66). In contrast, the Eastern Ross Sea exhibited n-alkanes that were a combination of phytoplankton and dust from Antarctic soils and/or leaf waxes from mid-latitude higher plant, as suggested by both unimodal and bimodal distributions, high L/H (1.60 ± 0.58) and CPIH (2.04 ± 0.28), and medium TAR (0.61 ± 0.30). Geologically, during the LGM (27.3 – 21.0 ka before present (BP)), there was an increased supply of terrestrial OC (TOC/TN = 13.63 ± 1.29, bimodal distribution of n-alkanes with main carbon peaks at nC17/nC19 and nC27). From 21.0 to 8.2 ka BP, as glaciers retreated and temperatures rose, the proportion of marine n-alkanes significantly increased (TOC/TN = 9.09 ± 1.82, bimodal distribution of n-alkanes with main carbon peaks at nC18/nC19 and nC25). From 8.2 ka BP to the present, as the ice shelf continued to retreat to its current position, the marine contribution became dominant (TOC/TN = 8.18 ± 0.51, unimodal distribution of n-alkanes with main carbon peak at nC17/nC18/nC19, and low TAR (0.41 ± 0.32)). This research has significant implications for understanding the variations in Antarctic OC sources and their climatic impacts in the context of accelerated glacier melting.
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1 Introduction

Marine sediments, located at the interface of the hydrosphere, biosphere and lithosphere, serve a critical function as carbon reservoirs, facilitating the deposition, burial, and preservation of organic matter (LaRowe et al., 2020). The total organic carbon (TOC) in marine sediments primarily comprises various components, including lipids, proteins, carbohydrates, and humic substances (Burdige, 2007; Lomstein et al., 2012; Dittmar and Stubbins, 2014). The origins of TOC from different sources, including marine, terrestrial and bacterial origins, are often a key concern of research (Didyk et al., 1978; Gustafsson et al., 2009; Bianchi and Canuel, 2011). Traditional parameters used to characterize organic matter, such as the molar ratio of TOC to total nitrogen (TN) (Mayer, 1994; Zhang et al., 2023) and the carbon and nitrogen isotopes of organic matter (δ13C, δ15N) (Das et al., 2007; Wu et al., 2020), provide valuable insights into the main sources of TOC but exhibit limitations regarding source specificity. Given the complex nature of TOC sources, more precise methods, such as the chemical biomarker approach, are essential for tracing the origins of specific TOC components (Bianchi and Canuel, 2011; Gal et al., 2022). Chemical biomarkers are organic compounds found within the environmental matrix that can be linked back to their biological sources (Eglinton and Calvin, 1967; Meyers, 2003) and the prevailing climatic conditions at the time of their formation (Liu and An, 2020). Despite undergoing significant geochemical transformations like oxidation and reduction during early diagenesis over extended periods, these biomarkers retain the carbon chain structures of their parent molecules (Bianchi et al., 2016), making them valuable indicators of material sources.

N-alkanes, which are saturated straight-chain hydrocarbons typically ranging from nC14 to nC34 in length, are abundant in marine sediments, resistant to degradation and source-specific, making them effective biomarkers (Zhao et al., 2022). In contrast, some biomarkers such as lignin, may have certain regional limitations. For instance, lignin is commonly utilized in mid- and low-latitude seas, but is challenging to apply in Antarctica due to the absence of vascular plants (Bianchi and Canuel, 2011). Various organisms, including algae, aquatic macrophytes, terrestrial plants and bacteria, can synthesize n-alkanes. In marine sediments, n-alkanes are derived from autochthonous sources, such as algae and bacteria, and allochthonous inputs from terrestrial plants (Eglinton and Eglinton, 2008). Distinct compositional patterns exist among different sources: medium to short-chain even n-alkanes (nC12 to nC22, mainly nC16 and nC18) originate from bacteria (Grimalt and Albaigés, 1987); medium to short-chain odd n-alkanes (nC13 to nC21, mainly nC15, nC17 and nC19) are produced by marine algae (Blumer et al., 1971); medium-chain odd n-alkanes (mainly nC23 and nC25) are derived from mosses (Baas et al., 2000; Bingham et al., 2010); and long-chain n-alkanes (nC25 to nC34, with a predominance of nC27, nC29 and nC31) mainly come from terrestrial higher plants (Eglinton and Calvin, 1967; Wang et al., 2021). Various proxies based on n-alkanes of different carbon chain lengths have been developed, such as the terrestrial/aquatic ratio (TAR) (Meyers, 1997), the low molecular-weight (nC13 to nC21) to high molecular-weight n-alkanes (nC25 to nC34) (L/H), and the long-chain and short-chain carbon preference index (CPIH and CPIL) (Eglinton and Calvin, 1967; Cranwell et al., 1987). These proxies are valuable indicators for elucidating the sources, composition, and distribution of organic carbon in sedimentary environments (Zhao et al., 2018). N-alkanes also respond to variations in climate and environmental conditions (Liu and An, 2020), with the distribution patterns exhibiting systematic changes across different stages of sedimentary geological evolution (Hanisch et al., 2003; Li et al., 2008). For instance, the collective abundance of nC21 to nC33 significantly increased during glacial periods and decreased during interglacial periods, reflecting alterations in terrestrial material input (Ikehara et al., 2000; Ternois et al., 2001). Consequently, n-alkanes present in sediment cores serve as valuable proxies for reconstructing past environmental changes in marine ecosystems.

Antarctica, particularly West Antarctica, is currently experiencing a critical phase of accelerated glacial melting and significant environmental changes (The IMBIE Team, 2018; Naughten et al., 2023). These alterations have resulted in shifts in the community structure and biomass of phytoplankton and zooplankton in West Antarctica (Lin et al., 2021; Yang et al., 2022; Trinh et al., 2023). The Ross Sea is a key region in West Antarctica, with significant regional variations in hydrodynamic conditions (Wu et al., 2024) that have potential implications for organic matter preservation (Eusterhues et al., 2003; Keil and Mayer, 2014). Furthermore, the Ross Sea is undergoing modifications in sea ice extent, primary productivity, and plankton populations (Orr et al., 2005; Matson et al., 2011; Smith et al., 2012; Kim et al., 2023), all of which influence the quantity and composition of organic matter in sediments. Previous research has examined the composition and distribution of n-alkanes in various substrates, including microbial mats, mosses, lichens (Chen et al., 2019a, 2021), soils (Matsumoto et al., 2010), suspended particulates (Tao et al., 2022) and sediments (Kvenvolden et al., 1987; Venkatesan, 1988; Duncan et al., 2019; Chen, 2020) in the Ross Sea. For example, Kvenvolden et al. (1987) reported that n-alkanes in near-surface sediments in the Western Ross Sea primarily originate from two sources: both primary and reworked marine materials, and aged organic matter redeposited from terrestrial plants. Duncan et al. (2019) observed that C29 n-alkanes dominated in late Miocene sediments, while C27 n-alkanes dominated in the Oligocene, suggesting the influence of climate change on vegetation evolution. Chen (2020) found that long-chain n-alkanes (nC27 to nC35) in a 330,000-year-old deep-sea core from the Ross Sea fan area mainly come from Antarctic soils, and long-distance transport of dust from mid-latitude terrestrial sources, plant leaf waxes. Despite these studies, there remains a significant gap in comprehensive research on the sources of n-alkanes in surface sediments. Additionally, studies on the characteristics of n-alkanes in the Ross Sea since the last glacial maximum (LGM) and their response to changes in ice shelves are notably insufficient.

In this study, we analyzed grain size, TOC, TN, radiocarbon isotopes (Δ14C) and n-alkanes in 18 surface sediments and one sediment core collected from the Ross Sea. We calculated parameters related to hydrodynamic conditions and traced the sources of TOC and n-alkanes. We specifically addressed the following three issues: 1. to investigate spatial distribution variances and influencing factors of hydrodynamic conditions, OC content and sources in surface sediments; 2. to examine spatial distribution variances in the sources of n-alkanes in surface sediments; 3. to assess the impact of changes in the ice shelf on n-alkane characteristics since the LGM.




2 Study area and sample collection



2.1 Study area

The Ross Sea is located at the southwestern boundary of the Antarctic continent within the Pacific sector of the Southern Ocean, and is the second largest bay in this region, covering an area of approximately 750,000 km² (Smith et al., 2012). It is bordered by Marie Byrd Land to the east, the Transantarctic Mountains and Victoria Land to the west, and to the south, it adjoins the Ross Ice Shelf, which is the largest ice shelf in the world, spaning about 500,000 km². The Ross Sea is a vital source region for Antarctic Bottom Water (Whitworth and Orsi, 2006). Sea ice distribution in the Ross Sea displays significant seasonal fluctuations, with polynyas like the Ross Sea Polynya (RSP), McMurdo Sound Polynya (MSP), and Terra Nova Bay Polynya (TNBP) forming earlier in the summer along the front of the Ross Ice Shelf and the coast of Victoria Land, primarily due to katabatic wind (Parish et al., 2006; Tamura et al., 2008). The Ross Sea boasts high primary productivity, contributing approximately one-third of the Southern Ocean’s primary productivity (Arrigo et al., 2008a, 2008b), and hosts a thriving ecosystem. Notably, the Adélie penguin population in the Ross Sea represents one-third of the global population (Xu et al., 2021).

The Ross Sea continental shelf is geographically divided into Eastern and Western regions by approximately 180° longitude, with water depths ranging from less than 500 m to over 1000 m. The eastern shelf is predominantly characterized by a broad basin and gently undulating shoals, while the western shelf features narrow basins and more pronounced undulating shoals (Halberstadt et al., 2016; Gales et al., 2021; Ha et al., 2022). TOC in the surface sediments of the Ross Sea primarily originates from upper ocean primary production (DeMaster et al., 1996; Langone et al., 1998) based on biomarker compounds (Song et al., 2019), OC/TN ratio and δ13C (Xiu et al., 2017). The southwestern Ross Sea, including RSP and MSP, exhibits high content of biogenic components (OC, TN, and opal) and represents a distinct environment setting compared to the western Ross Sea (Zhou et al., 2022). Based on the differences in the geographic location and biogenic components, our sediment samples were categorized into three distinct groups: Southwest, Western and Eastern (Figure 1, Supplementary Table S1).




Figure 1 | Surface sediment samples (dots) from Southwest (in red), Western (in blue) and Eastern (in black) Ross Sea, the sediment core sample (square), with water depth (values in legend) and circulation patterns (arrows) (Pillsbury and Jacobs, 1985; Dinniman et al., 2003; Smith et al., 2012). TNBP, Terra Nova Bay Polynya; RSP, Ross Sea Polynya; MSP, McMurdo Sound Polynya.






2.2 Sample collection

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





3 Analytical methods



3.1 Sediment particle size analysis

The particle size of sediment samples was determined using a laser particle size analyzer (range 0.02 to 4000 μm, Mastersizer 3000, UK, the precision is better than 1%). Ca. 1.0 to 2.0 g untreated wet sediment samples was placed into beakers with a small amount of deionized water to soak the samples. A small amount of 30% hydrogen peroxide (H2O2) was added until no bubbles were produced to remove sedimentary organic matter. 0.25 mol/L of dilute HCl was added to remove carbonates in the sample, followed by 20 mL of a 1 mol/L NaCO3 solution, and the beaker was placed into a constant temperature water bath at 85°C for 4 h. Deionized water was added and the solution was stirred with a glass rod, left to stand for 24 h, and the supernatant collected. This step was repeated for 3 times, until the washing produced a neutral pH solution. 1 mL of 0.5 mol/L sodium hexametaphosphate was added to the combined supernatant as a dispersive substance, and a suspension was formed by ultrasonic oscillation for 120 s. The suspension was collected and particle sizes were measured on the instrument.

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

	

	

	

	




3.2 TOC and TN content

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




3.3 AMS14C analysis

Δ14C of TOC from 11 sub-samples (i.e., 0 – 2, 2 – 4, 18 – 20, 54 – 56, 68 – 70, 72 – 74, 78 – 80, 102 – 104, 110 – 112, 112 – 114, and 128 – 130 cm) of the core sediment were analyzed using a 250 KeV NEC single stage particle accelerator at Beta Analysis Laboratory in the USA. Results are ISO/IEC-17025:2017 accredited. Briefly, the samples were subjected to ultrasonic mixing and screening to remove impurities. Inorganic carbon was eliminated through pickling, and graphite targets were prepared for testing in an accelerator mass spectrometer. The standard was NIST SRM-4990C (oxalic acid). The analytical precision for Δ14C measurements is typically < 5‰.




3.4 N-alkanes

Ca. 3.0 to 6.0 g of lyophilized and ground sediment samples were accurately weighed and loaded into the extraction cell of a rapid solvent extractor (ASE-350, USA), and hexadecane deuterium (nC24D50) was added as an internal standard. Organic matter extracts were obtained by introducing dichloromethane and methanol (9:1, v:v) to the cell and heating at 100°C for 5 min, followed by extraction for 10 min. The heating and extraction were repeated 3 times. The extracts were initially concentrated by rotary evaporation, followed by evaporation under a steady stream of N2. When the volumes were < 10 mL, the extracts were transferred to 10 mL glass bottles and evaporated with N2 until dry. Next, a 6% potassium hydroxide in methanol solution was added and ultrasonicated for 10 min. The hydrolysate was removed by adding 4 mL of hexane and waiting for the polar and non-polar layers to separate. The non-polar layer was removed and transferred to a 20 mL glass bottle. The extraction was repeated 4 times, with all extracts combined in the new container. 0.2 mL of the combined organic matter extract was sub-sampled and dried under N2, re-constituted in a known quantity of hexane, and then separated on an activated silica gel column. The non-polar components were obtained by leaching with n-hexane.

An Agilent gas chromatograph (Agilent 6890N, USA) with a flame ionization detector (GC-FID) was used for n-alkane analysis. The GC was equipped with an HP-1 (dimethylpolysiloxane) column (50 m × 0.32 mm × 0.17 μm). Analytical conditions were as follows: inlet temperature 310°C, FID detector temperature 320°C, carrier gas (N2) flow rate 1.2 mL/min. The GC oven initial temperature was 60°C, which was held for 1 min before increasing to 200°C at a rate of 10°C/min. The temperature was then increased to 300°C at a rate of 5°C/min, and then to 310°C at a rate of 5°C/min, where it was held for 15 min. An example n-alkane chromatogram with relative abundance (station RB08B) was shown in Supplementary Figure S1. The retention time of target compounds was determined by comparing the retention time of 34 n-alkanes in a mixed standard (nC7 to nC40). The relative response values of each component peak of the mixed standard and the nC24D50 internal standard peak were applied to the peak areas of the target compounds to quantify their abundance. Yields of n-alkanes were normalized to the mass of sediment extracted, and values are expressed as ng/g.

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

	

	

	

	




3.5 Statistical analyses

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





4 Results



4.1 Chronostratigraphic framework

A reliable chronostratigraphic framework based on TOC should consider marine reservoir effects (Andrews et al., 1999; Pudsey et al., 2006) and fossil carbon contamination from glacial erosion on the Antarctic continent (Hillenbrand et al., 2010). A marine reservoir age of 825 a was referenced from Anderson et al. (2014) and Huang et al. (2016). A fossil carbon contamination age of 3045 a was referenced from station ATN31-JB06 (173.907°E, 74.473°S, water depth = 567 m) (Huang et al., 2016; Fan et al., 2021) due to the absent of foraminifera in JB03. Calendar ages were determined using the 7.10 software and Marine 13 program (http://calib.org/calib/calib.html). Linear interpolation and extrapolation were employed to establish a chronological framework, resulting in an age of 27.3 ka BP at the bottom of core JB03. The different depth intervals (0 – 72, 72 – 78 and 78 – 130 cm) corresponded to the Holocene (11.7 – 0 ka BP), the last deglaciation (21.0 – 11.7 ka BP) and the LGM (27.3 – 21.0 ka BP), respectively (Table 1; Figure 2). Sedimentation rates for each layer were calculated using 11 age control points and the interpolation method. The sedimentation rate for the interval 0 – 72 cm ranged from 6.31 to 7.35 cm/ka. The age difference between 78 – 80 cm and 72 – 74 cm layers was as high as 13.2 ka, and the lowest sedimentation rate for the whole core was calculated to be 0.45 cm/ka. Layers between 102 – 130 cm exhibited extremely high sedimentation rate, up to > 100 cm/ka (Table 1; Figure 2).


Table 1 | Dating results and calculated sedimentation rate for core JB03.






Figure 2 | The measured ages, corrected ages and sedimentation rates in Core JB03 based on AMS14C results.






4.2 Particle size components

The composition of sand, silt and clay in surface sediments of the Ross Sea varied from 4.03% to 56.7%, 37.1% to 78.3% and 6.16% to 35.4%, respectively (Supplementary Table S1; Figures 3A–C). Spatially, the proportions of sand and silt did not exhibit significant (p > 0.05) differences among the three regions, while clay content in the Eastern sediment (27.0% ± 4.74%) was significantly (p < 0.01) higher than that in the Southwest and Western sediments (11.8% ± 0.25% and 13.0% ± 5.34%). Following Folk (1980) sediment classification method, the predominant sediment type in the study area was clayey silt, mainly located in Cape Adare and Glomar Challenger Trough. This was followed by sandy silt, distributed in Joides Trough and Drygalski Trough. Silty sand sediment was present at stations R02 and R08 near Terra Nova Bay, while silt sediment was at stations JB01 and JB03 in McMurdo Sound and Joides Trough (Supplementary Figure S2). Hydrodynamic indicators, including MZ, σ, SK, and KG, ranged from 4.17 to 7.00 φ, 1.63 to 2.44, –0.17 to 0.37 and 0.82 to 1.04, respectively (Supplementary Table S1; Figures 3D–G). The MZ in the Eastern sediment (6.75 ± 0.21 φ) was significantly (p < 0.01) higher than that in the Southwest and Western sediments (5.70 ± 0.24 φ and 5.42 ± 0.68 φ), while σ, SK and KG did not show significant (p > 0.05) differences among the three regions.




Figure 3 | Spatial distribution of (A) sand (%), (B) silt (%), (C) clay (%), (D) mean particle size (MZ), (E) sorting coefficient (σ), (F) skewness (SK), (G) kurtosis (KG), (H) TOC (%), (I) TN (%), (J) TOC/TN ratio, (K) total content of n-alkanes (ng/g), (L) ratio of low molecular-weight (nC13 – nC21) to high molecular-weight n-alkanes (nC25 – nC34) (L/H), (M) terrestrial/aquatic ratio (TAR), (N, O) long-chain and short-chain carbon preference index (CPIH and CPIL) in surface sediments of the Ross Sea.






4.3 TOC, TN and TOC/TN ratio

The TOC content of surface sediment samples ranged from 0.40% to 1.34% (wt%), which is consistent with the ranges of previous studies (0.2% to 2%) (Langone et al., 1998; Andrews et al., 1999; Chen et al., 2019b). Spatially, TOC content in the Southwest sediment (1.08% ± 0.23%) was significantly (p < 0.05) higher than that in the Eastern sediments (0.62% ± 0.21%), and intermediate in the Western sediments (0.82% ± 0.24%) (Supplementary Table S1; Figure 3H). TN content ranged from 0.07% to 0.23%, showing a similar spatial distribution pattern to TOC content (Figure 3I). A significant positive correlation was observed between TOC and TN content (r = 0.99, p < 0.001, Figure 4A). The TOC/TN ratio varied from 5.57 to 7.00, with no significant differences observed among the three regions (6.62 ± 0.19, 6.35 ± 0.28 and 6.28 ± 0.49 in the Southwest, Western and Eastern Ross Sea sediments, respectively) (Supplementary Table S1; Figure 3J).




Figure 4 | Diagrams of the relationship between TOC content and TN content in (A) surface sediments and (B) core JB03 of the Ross Sea.



In the JB03 core sediments, TOC content ranged from 0.43% to 1.85%, while TN content ranged from 0.03% to 0.23%. Similar to the surface sediments, a significant positive correlation between TOC and TN was noted in the core sediments (r = 0.97, p < 0.001, Figure 4B). The TOC/TN ratio ranged from 6.91 to 16.81 (Supplementary Table S2). In the downcore profiles, TOC decreased from 1.56% ± 0.30% during the period of 0.6 – 8.2 ka BP to 0.74% ± 0.12% during 21.0 – 27.3 ka BP, while the TOC/TN ratio increased from 8.18 ± 0.51 to 13.63 ± 1.29 (Figure 5).




Figure 5 | Downcore variability of TOC (%), TN (%), TOC/TN ratio, n-alkanes (ng/g), low molecular-weight (nC13 – nC21) to high molecular-weight n-alkanes (nC25 – nC34) (L/H), terrestrial/aquatic ratio (TAR), long-chain and short-chain carbon preference index (CPIH and CPIL) in core JB03 since LGM.






4.4 N-alkanes

The concentration of n-alkanes in the surface sediments of the Ross Sea varied from 482 to 2221 ng/g, with higher values found in the Glomar Challenger Trough and Joides Trough (stations RB02B and JB05), and the lowest concentration found near Cape Adare (station R19) (Figure 3K). The carbon chain lengths of n-alkanes ranged from nC12 to nC35, characterized by a unimodal distribution with main carbon peak at nC17 or nC19 in Western Ross Sea (Figure 6A), a bimodal distribution with main carbon peaks at nC19 and nC25 in the Southwest Ross Sea (Figure 6B), and a combination of unimodal and bimodal distributions with main carbon peaks at nC17 or nC19 and nC27 in the Eastern Ross Sea (Figure 6C). The L/H ranged from 0.38 to 6.72, being significantly (p < 0.05) higher of Western sediments (3.60 ± 2.18) than those in Southwest and Eastern sediments (0.62 ± 0.21 and 1.60 ± 0.58) (Figure 3L). The TAR varied from 0.07 to 2.03, significantly (p < 0.01) higher in the Southwest sediments (1.26 ± 0.66) than in the Western and Eastern sediments (0.22 ± 0.14 and 0.61 ± 0.30) (Figure 3M). N-alkanes exhibited odd carbon dominance (CPIL = 1.26 to 1.68), except for station R02, which displayed an even carbon distribution (CPIL = 0.76) (Figure 3N). The CPIH ranged from 1.01 to 2.43, being highest in the Eastern sediments (2.04 ± 0.28), lowest in the Southwest sediments (1.18 ± 0.16), and intermediate in the Western sediments (1.52 ± 0.19) (Figure 3O; Supplementary Table S1).




Figure 6 | Abundance of n-alkanes in (A) Western, (B) Southwest, (C) Eastern surface sediment and (D) Holocene (8.2 – 0.6 ka BP), (E) early Holocene (11.7 – 8.2 ka BP) and the last deglaciation, (F) Last Glacial Maximum (27.3 – 21 ka BP) in core JB03. The error bars are the standard deviations of measured abundances in samples.



In core JB03, the n-alkane content ranged from 416 to 1577 ng/g, exhibiting a slight increasing trend downcore, which contrasts with TOC profile (Figure 5). The carbon chain lengths extended from nC13 to nC33, displaying a unimodal distribution with nC17, nC18 or nC19 as main carbon peaks during 0.6 – 8.2 ka BP (Figure 6D), bimodal distribution with main carbon peaks as nC18/nC25 and nC19/nC25 during 8.2 – 21.0 ka BP (Figure 6E), and bimodal distribution with main carbon peaks of nC17 or nC19 and nC27 during 21.0 – 27.3 ka BP (Figure 6F). The source indices, including the L/H, TAR, CPIL and CPIH, ranged from 0.53 to 5.50, 0.14 to 1.50, 0.92 to 1.14 and 1.29 to 2.07, respectively (Supplementary Table S2). Downcore analysis revealed that the L/H decreased from 2.27 ± 1.07 during 0.6 – 8.2 ka BP to 1.17 ± 0.37 during 21.0 – 27.3 ka BP. Conversely, TAR increased from 0.41 ± 0.32 to 0.83 ± 0.31, while CPIL and CPIH did not show significant downcore trends (Figure 5).





5 Discussion



5.1 Sedimentary environment and organic matter source pattern in the surface sediments



5.1.1 Sedimentary environment

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




Figure 7 | Diagrams of the relationship between Mz and (A) clay content, (B) SK in the surface sediments of the Ross Sea.






5.1.2 Spatial distribution and source difference of TOC

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

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




5.1.3 Spatial distribution and source difference of n-alkanes

Concentrations of n-alkanes were slightly higher in the Western Ross Sea (1136 ± 548 ng/g) than in the Southwest and Eastern Ross Sea (837 ± 161 and 884 ± 431 ng/g). The n-alkanes in Western Ross Sea exhibited a unimodal distribution, with main carbon peak at nC17 or nC19 (Figure 6A), a weak odd-carbon preference (CPIL = 1.41 ± 0.30) and the lowest TAR (0.22 ± 0.14) (Supplementary Table S1). These results suggest that n-alkanes are mainly derived from marine algae and bacteria in the upper ocean, consistent with the results of TOC/TN ratio.

The n-alkanes in the Southwest Ross Sea exhibited a bimodal distribution with main carbon peaks at nC19 and nC25 (Figure 6B), a low L/H (0.62 ± 0.21), low CPIH values (1.18 ± 0.16) and the highest TAR value (1.26 ± 0.66) (Supplementary Table S1). Previous research has demonstrated that marine phytoplankton can produce significant quantities of medium- and long-chain alkyl lipids with low CPI values (e.g., Volkman et al., 1998). Additionally, n-alkanes from peat moss (Sphagnum) are characterized by a high abundance of nC23 and nC25 (Baas et al., 2000; Bingham et al., 2010). A TAR > 1 typically indicates a higher proportion of terrestrial OC input, while a TAR < 1 suggests a predominance of marine-derived sources (Meyers, 1997). In the Southwest Ross Sea, the presence of medium- and long-chain n-alkanes, without an odd-over-even carbon preference, suggests a mixture of contributions from marine algae and terrestrial mosses. This finding is consistent with the results of Tao et al. (2022), which showed that a CPIH ~1 in suspended particulates from the Southwest Ross Sea, indicating the contribution of terrestrial organic matter.

The n-alkanes in the Eastern Ross Sea stations exhibited combination of unimodal and bimodal distributions, with main carbon peaks at nC17 or nC19 and nC27, respectively (Figure 6C). The Eastern Ross Sea is characterized by the highest CPIH values (2.04 ± 0.28) and moderate L/H and TAR values (1.60 ± 0.58 and 0.61 ± 0.30) compared to the Western and Southwest Ross Sea (Supplementary Table S1). This suggests that short-chain n-alkanes possibly originate from phytoplankton, while long-chain n-alkanes may come from terrestrial sources such as higher plant fragments. Previous research has shown that medium- and long-chain n-alkanes are more prevalent than short-chain n-alkanes in McMurdo Dry Valleys soils, with main carbon peaks at nC23, nC25 and nC27, and CPIH values from 2.0 to 2.6. These n-alkanes are mainly from lichens and higher vascular plant fragments from pre-glacial periods, specifically the Miocene to Pliocene epochs (Matsumoto et al., 1990a, 1990b, 2010). Given the similarities in n-alkane characteristics between surface sediments in the Eastern Ross Sea and soils from the McMurdo Dry Valleys, it is suggested that long-chain n-alkanes may could have been transported over long distances by ocean currents. Furthermore, research indicates that dust from mid-latitude land areas and plant leaf waxes could be carried long distances through the atmosphere to the Southern Ocean, utilizing lipid biomarkers and compound-specific stable carbon isotope ratios of n-alkanes in aerosols (Bendle et al., 2007; Jaeschke et al., 2017). These materials may serve as sources of long-chain n-alkanes in Eastern Ross Sea sediments and may undergo degradation during transport, thus altering the original n-alkanes signature (CPIH > 30 to 2.04 ± 0.28) (Bray and Evans, 1961; Naafs et al., 2019).

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





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



5.2.1 Impacts of ice shelf retreat on sedimentary age

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

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

During the early Holocene (11.9 – 8.2 ka BP), the sedimentation rate increased to 6.75 cm/ka, similar to rates observed in northern cores (e.g., ~5 cm/ka for JB06 and ~3 cm/ka for RB16C) (Huang et al., 2016; Song et al., 2019). Sedimentary phase sequences and foraminifera radiocarbon dating indicated that the Ross Ice Shelf retreated rapidly during 11 – 10 ka BP (McKay et al., 2008). Finocchiaro et al. (2005) reported the presence of a patchy diatom-rich soft mud layer dating to 9.5 – 9.4 ka BP in Cape Hallett Bay, suggesting early Holocene warming and open ocean conditions. Subsequently, sandy mud deposition during 8.0 – 7.8 ka BP indicated a rapid landward retreat of regional glaciers. Consequently, due to the ongoing retreat of the ice shelf, station JB03 transitioned from a sub-glacial sedimentary environment to a marine setting.

After 8.2 ka BP, the ice shelf continued its retreat towards Ross Island (McKay et al., 2016). During this period, the sedimentation rate was stable at 6.71 ± 0.39 cm/ka, comparable to rates observed in the northern cores, such as 7 cm/ka for JB06 and RB16C (Huang et al., 2016; Song et al., 2019). Ice core δ18O records suggested that the Ross Sea experienced its second warm period of the Holocene from 7 to 5 ka BP (Masson-Delmotte et al., 2000). Station JB03 displayed a seasonal sea ice period sedimentary characteristics.




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

Based on the TOC content, TOC/TN ratio, n-alkane characteristics and calculated indices, the sedimentary record of JB03 can be divided into three phases. Phase I extended from 78 to 130 cm (LGM period); Phase II ranged from 52 to 78 cm (the last deglaciation and 11.9 – 8.2 ka BP in the early Holocene period); and Phase III was found at depths shallower than 52 cm (8.2 – 0.6 ka BP during the Holocene period) (Figure 5). Significant variations in sedimentary environments and their associated TOC and n-alkane sources were observed across these phases in the Ross Sea.

During Phase I, TOC content was the lowest (0.74% ± 0.12%), while the TOC/TN ratio was the highest (13.63 ± 1.29). The n-alkane distribution was predominantly bimodal, with main carbon peaks at nC17 or nC19 and nC27 (Figure 6F), and exhibited the highest CPIH (1.78 ± 0.12) and TAR (0.83 ± 0.31), and lowest L/H (1.17 ± 0.37) (Figure 5), indicating a predominance of terrestrial OC inputs. This could be due to disturbed and redeposited sediments caused by ice-shelf grounding, potentially mixed with fragments of higher vascular plants from pre-glacial periods (e.g., Oligocene and Miocene) (Duncan et al., 2019), as discussed in section 5.2.1.

The TOC content of Phase II sediments (0.90% ± 0.30%) was slightly higher than that of Phase I, exhibiting a significant increasing trend in TOC content between 11.9 – 8.2 ka BP (Figure 5 red arrow). The TOC/TN ratio (9.09 ± 1.82) indicated a mixture of OC from phytoplankton (3 – 8) and higher plants (>12) (Figure 5). The n-alkane distribution was mainly bimodal, with main carbon peaks at nC18/nC25 and nC19/nC25, differing from Phase I (Figure 6E). The CPIH (1.46 ± 0.16) and TAR (0.62 ± 0.21) were slightly lower than those of Phase I (Figure 5). These results suggest a mixture of inputs from both marine and terrestrial sources (Anderson et al., 2014; Huang et al., 2016; Zhao et al., 2017). Overall, our findings align with historical data (see section 5.2.1), indicating a notable increase in marine-derived n-alkanes due to glacier retreat, rising temperatures, and enhanced productivity during the early Holocene. Additionally, there was an increase in terrestrial input from mosses, lichens and other land sources (Kvenvolden et al., 1987), alongside a decrease in the ancient organic matter proportions.

The sediments in Phase III exhibited the highest TOC content (1.56% ± 0.30%) and the lowest TOC/TN ratio (8.18 ± 0.51) compared to the other two phases (Figure 5). The n-alkanes in Phase III closely resembled those found in modern surface sediments, showing mainly a unimodal distribution with nC17, nC18 or nC19 as main carbon peaks (Figure 6D). Furthermore, the odd-carbon predominance of short chains was not obvious (CPIL = 0.99 ± 0.04), while the TAR (0.41 ± 0.32) was significantly lower compared to Phase I and Phase II (0.81 ± 0.33 and 0.55 ± 0.18, respectively). Conversely, and L/H (2.27 ± 1.07) was significantly higher than in Phase I and II (1.17 ± 0.37, 1.19 ± 0.50, respectively) (Figure 5). These findings suggest that the n-alkanes in the sediment are primarily derived from marine phytoplankton and bacteria after approximately 8 ka BP (Song et al., 2019; Xiu et al., 2017). As discussed in section 5.2.1, the ice shelves had receded to near Ross Island around 8 ka BP, establishing a seasonal sea-ice environment similar to present conditions, characterized by high productivity and a predominant contribution from marine sources.






6 Conclusion

The overall sorting of surface sediments in the Ross Sea was poor, indicating a low-energy and hydrodynamically stable sedimentary environment. TOC was mainly derived from upper ocean phytoplankton, with a distribution trend showing higher concentrations in the west and lower in the east. This variation was related to higher sedimentation rates and longer periods of primary productivity accumulation in the west. Significant regional differences in the sources of n-alkanes in modern surface sediments were identified, with the Western region mainly derived from phytoplankton and bacteria, the Southwest region from a mixture of phytoplankton and terrestrial mosses, and the Eastern region from a combination of phytoplankton, terrestrial soil/low-latitude higher plant leaf waxes. The n-alkane characteristics in the Western Ross Sea core were basically consistent with the history of ice shelf dynamics, showing a high terrestrial input signal before 21.0 ka BP during the ice shelf expansion. From 21.0 to 11.7 ka BP, while the ice shelf retreated, the JB03 site remained beneath the ice shelf, resulting in very low sedimentation rates. From 11.7 to 8.2 ka BP, as temperatures rose and glaciers continued to retreat, n-alkanes exhibited characteristics of mixed terrestrial and marine source inputs. Since 8.2 ka BP, as the glaciers retreated to Ross Island, marine-derived n-alkanes have dominated in the sediment. This study provides insights into the changes in organic matter properties resulting from the accelerated melting of the Antarctic ice shelf.
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