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In this study, the spatial variations in total organic carbon (TOC), stable carbon isotopes (δ¹³Corg), C/N ratios, and nitrogen isotopes (δ¹⁵Norg) in East Sea sediments are examined to elucidate the sources, preservation, and diagenetic processes of organic matter. To this end, surface sediment samples were collected from the coastal regions of the East Sea using a box corer and analyzed for TOC, TON, stable isotopes (δ¹³C, δ¹⁵N), and grain size. The study region is categorized into three zones based on sediment characteristics: Zone A (straits), Zone B (northern coastal regions), and Zone C (central Ulleung Basin). Zone A, characterized by coarse sediments and dynamic hydrodynamic conditions, exhibits the lowest TOC (0.67%) and enriched δ¹³Corg values (-20.67‰). Zone B, influenced by coastal inputs, has moderate TOC (2.09%), slightly depleted δ¹³Corg (-21.09‰), and higher C/N ratios (6.30). Zone C, dominated by fine-grained mud sediments, features slightly lower TOC (1.96%), along with the most depleted δ¹³Corg (-21.86‰). Stable isotope analyses reveal that autochthonous particulate organic matter (POM) from marine phytoplankton is the primary source of organic matter in the East Sea. δ¹³Corg values (-23.15‰ to -20.33‰) align with phytoplankton-derived POM (-25‰ to -22‰), highlighting significant marine primary production contributions. In contrast, allochthonous inputs from atmospheric deposition, the Tsushima Warm Current, and rivers contribute approximately 82 gC/m²/year compared to 273 gC/m²/year from autochthonous sources. Seasonal δ¹³C variations are strongly correlated with peaks in primary productivity during spring and autumn. The study reveals differences between coastal (Zone B) and offshore (Zone C) regions in productivity regimes, nutrient utilization, and depositional settings. Coastal regions with high productivity show enriched δ¹³Corg, while offshore areas preserve isotopically lighter organic matter owing to stable depositional environments. Understanding the biogeochemical processes in the East Sea is essential for elucidating carbon cycling and its ecosystem implications. As a marginal sea with unique sedimentary dynamics, the East Sea serves as a natural laboratory for studying organic matter preservation. The findings provide insights into past and present carbon cycling and support predictions of future environmental changes under shifting climatic conditions.
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1 Introduction

Sedimentary organic matter (SOM) in marine sediments primarily consists of particulate organic matter (POM) that settles from the surface layer (Wakeham and Lee, 1993). Marine POM can be categorized into two broad sources: allochthonous POM, derived from terrestrial inputs via rivers or atmospheric deposition, and autochthonous POM, synthesized by phytoplankton through photosynthesis in the surface ocean. The stable isotopic composition of carbon (δ¹³Corg) and nitrogen (δ15Norg) in marine sediments serves as a valuable archive of processes occurring during particle sinking and deposition. As a result, these isotopic proxies are extensively employed to investigate biological and geological mechanisms in marine environments.

Studies on δ¹³Corg in marine sediments have primarily focused on identifying organic matter sources (e.g., Sackett and Thompson, 1963; Minoura et al., 1997) and examining variations in CO2 concentrations in surface water (e.g., Jasper and Hayes, 1990; Rau et al., 1992). Terrestrial plants primarily utilize atmospheric CO2 (δ¹³CCO2 ≈ −8‰) for photosynthesis, whereas marine phytoplankton rely on dissolved bicarbonate (δ¹³CHCO₃ ≈ +1‰) as their primary carbon source. Consequently, marine-derived organic matter exhibits δ¹³Corg values that are 6–7‰ higher than terrestrial-derived organic matter. In this study, these isotopic differences were used to distinguish terrestrial versus marine sources of organic matter. Although freshwater sediment samples were not directly analyzed, source identification was based on isotopic endmember values reported in previous studies. Additionally, the fractionation factor during photosynthesis for marine phytoplankton (ϵphyto-DIC) ranges from -36‰ to -22‰ (Wong and Sackett, 1978), influenced by factors such as CO2(aq) concentration (e.g., Degens et al., 1968; Rau et al., 1989; Hinga et al., 1994), growth rates and productivity (e.g., Laws et al., 1995; Popp et al., 1999), water temperature (e.g., Sackett et al., 1965; Mook et al., 1974; Wong and Sackett, 1978), and species composition (e.g., Descolas-Gros and Fortugne, 1985, 1990). Therefore, δ¹³Corg in marine sediments serves as an effective indicator of the relative contributions of terrestrial and marine organic matter to the depositional environment.

Similarly, δ15Norg in marine sediments is widely employed in studies related to nitrate (NO₃⁻) utilization within the photic zone (e.g., Altabet and Francois, 1994; Farrell et al., 1995; Francois et al., 1992; Altabet et al., 1999). The primary processes influencing δ15Norg include phytoplankton photosynthesis, vertical mixing of water masses, and denitrification. During photosynthesis, marine phytoplankton preferentially assimilates 14NO₃⁻ (Wada and Hattori, 1978; Waser et al., 1998), leading to an enrichment of δ15NNO₃ in the remaining nitrate pool in surface water (Wada, 1980; Altabet, 1996; Altabet et al., 1999). Vertical mixing introduces nitrate from deeper waters, which typically have lower δ15NNO₃ values, thereby reducing δ15NNO₃ values in the photic zone. Furthermore, denitrification in oxygen-depleted deep waters preferentially removes 14NO₃⁻, increasing δ15NNO₃ in the residual nitrate pool (Cline and Kaplan, 1975).

While significant progress has been made in the use of δ¹³Corg and δ15Norg to study organic matter sources and biogeochemical processes, several unresolved questions remain, particularly in marginal seas like the East Sea. Most previous studies have primarily focused on open ocean systems or other marginal seas with distinct hydrodynamic settings. However, the East Sea, with its semi-enclosed configuration, high primary productivity, and complex external inputs from rivers, atmospheric deposition, and ocean currents remains underexplored in terms of isotopic geochemistry. Specifically, the relative contributions of terrestrial versus marine organic matter to the Ulleung Basin’s carbon pool, and the influence of environmental factors (e.g., seasonal variability, nutrient availability, and sedimentation dynamics) on isotopic signatures, have not been systematically addressed. Understanding the spatial variability of organic matter sources and preservation in marginal seas such as the East Sea is essential for improving global carbon cycle models and predicting responses to environmental change. Despite their ecological and climatic importance, such systems remain under-characterized in terms of biogeochemical dynamics.

The aim of this study was to fill these knowledge gaps through the investigation of the primary controls on δ¹³Corg and δ15Norg values in surface sediments of the East Sea. Unlike in previous studies, where researchers have largely emphasized either bulk isotopic patterns or single-parameter interpretations, our approach uniquely integrates multiple geochemical proxies across spatially defined depositional zones to assess preservation efficiency. The East Sea exhibits exceptionally high productivity (270 g/m²/yr) and organic carbon fluxes (9.6 gC/m²/yr), exceeding global oceanic averages (Kwak et al., 2013; Kim et al., 2017). By evaluating spatial variations in isotopic compositions and depositional conditions, this research study provides new insights into the preservation and transformation of organic matter in a climatically and ecologically significant marginal sea.




2 Study area and methodology



2.1 Geological setting

The East Sea (Sea of Japan) is a semi-enclosed marginal sea with an average depth of approximately 1,350 m and a surface area of approximately 1,000,000 km². The Tsushima Warm Current (TWC), a mixture of the warm, saline Kuroshio current and freshwater from the East China Sea Coastal Water (ECSCW), enters the East Sea through the Korea Strait and exits into the Pacific Ocean via the Tsugaru Strait. Upon entering the East Sea, the TWC splits into three distinct branches (Figure 1A).




Figure 1 | (A) Bathymetric map showing the core location of this study and surface current systems (modified from Lee and Niiler, 2005). Red arrows represent warm currents, blue arrows indicate cold currents, and the dashed line marks the sub-polar front (SPF). (B) Map illustrating the study stations and delineated zones within the research area. Blue dots represent data from the 2010–2014 mapping survey, red dots indicate the locations of the 2022 MLSC, and black dots show the 2023 MLSC survey sites.



The First Branch Tsushima Warm Current (FBTWC) enters through the eastern channel of the Korea Strait and flows northeastward along the western coast of Japan. The second branch, Tsushima Warm Current (SBTWC) enters through the western channel of the Korea Strait, flowing northward along the continental shelf and sloping west of the FBTWC. The Third Branch, the East Korean warm current (EKWC), flows northward along the eastern coast of Korea after entering through the western channel of the Korea Strait. Upon encountering the southward-flowing North Korea Cold Current (NKCC) along the eastern coast of Korea, the EKWC turns eastward across the East Sea, forming the sub-polar front near 40°N. Some portions of the TWC flow northward along the western coast of Hokkaido Island and exit into the Sea of Okhotsk through the Soya Strait. Another portion moves further north within the East Sea, where cooling and brine rejection increase its density sufficiently to cause sinking to the seafloor (Talley et al., 2003).

The study area, the Ulleung Basin, is located in the southwestern part of the East Sea, where the EKWC and NKCC converge. This region exhibits significant seasonal variations in temperature, nutrients, and primary productivity. According to the World Ocean Atlas 2013 (1955–2013), surface water temperature in the Ulleung Basin ranges from a maximum of 23.3°C in summer to a minimum of 11.8°C in winter. Observed chlorophyll-a concentrations between 2008 and 2011 range from 0.3 to 3.1 mg/m³, peaking in spring and reaching their lowest levels in summer (Lee et al., 2014). Consequently, primary productivity in the Ulleung Basin is highest during spring. Primary productivity in this region (273 gC/m²/yr; Kwak et al., 2013) and organic carbon fluxes (7.9–11.1 gC/m²/yr; Lee et al., 2010; Kim et al., 2017) are notably higher than global oceanic averages for primary productivity (55–102 gC/m²/yr; Eppley and Peterson, 1979) and organic carbon fluxes (1.6–3.0 gC/m²/yr; Lutz et al., 2002). These findings underscore the ecological and biogeochemical significance of the Ulleung Basin within the East Sea.




2.2 Core sampling

Surface marine sediment samples were collected using a box corer onboard the research vessel R/V Tamhae II during three periods: 2010–2014, 2022, and 2023. In total, 93 samples were obtained during the 2010–2014 mapping surveys, while 6 and 15 samples were collected in 2022 and 2023, respectively (Figure 1B). Sediment samples were subsampled from the uppermost 0–5 cm layer of the recovered cores to ensure sufficient volume for TOC, TON, and stable isotope analysis. This interval also captures recent depositional material while minimizing the effects of early diagenesis. The 2010–2014 mapping samples were collected from a wide depth range between approximately 79 m and 2,224 m. The 2022 and 2023 MLSC samples were primarily collected from shallower depths, ranging from 105 m to 178 m, reflecting coastal and shelf environments.

The 2023 Machine Learning Seabed Classification (MLSC) samples were collected from coastal areas near the straits, reflecting the influence of water masses entering the East Sea through narrow channels. In contrast, the 2022 MLSC samples were obtained from locations farther north along the coastline, providing comparative data from relatively higher latitudes. The 2010–2014 mapping samples covered a broad geographic range, from the northern coastline of the study area to the Ulleung Basin. This comprehensive sampling strategy facilitates a detailed investigation of regional variations in sedimentary organic matter characteristics and offers valuable insights into the biogeochemical processes within the East Sea.

The 2010–2014 mapping survey was designed to assess broad-scale sedimentological and geochemical patterns, which led to a relatively large number of samples covering a wide region. In contrast, the 2022 and 2023 MLSC campaigns targeted smaller areas with higher sampling density. For the purpose of this study, which focuses on regional-scale spatial variability, a larger proportion of 2010–2014 samples was retained, while representative samples were selected from the 2022 and 2023 datasets to reduce spatial clustering bias.




2.3 Sediment analysis

Total organic carbon (TOC) and total organic nitrogen (TON) contents were measured using a Leco CHN-900 analyzer. In total, 114 surface sediment samples were analyzed for TOC and TN: 93 samples from the 2010–2014 mapping surveys, 6 from the 2022 MLSC campaign, and 15 from the 2023 MLSC campaign. Sediment samples were prepared by treating crushed sediment with 3N hydrochloric acid (HCl) to remove inorganic carbonates and nitrogen compounds. After acid treatment, the samples were rinsed 4–5 times with triple-distilled water and dried in an oven at 65°C for 24 h. Approximately 2 mg of the pretreated powdered sample was placed in a combustion chamber, where ultra-high-purity oxygen (99.9999%) was introduced. The sample was combusted at approximately 900°C to determine the TOC and TON contents in the sediment. A certified soil standard containing 2.1 wt% TOC and 0.2 wt% TON was used as the reference material. The detection limits for TOC and TON were 0.001% and 0.01%, respectively.

To measure the stable isotopic composition of carbon and nitrogen in organic matter, sediment samples were pretreated with 3N HCl to remove inorganic carbonates. Stable isotope analyses (δ13Corg and δ15Norg) were performed on a total of 60 sediment samples: 41 from the 2010–2014 mapping surveys, 7 from the 2022 MLSC campaign, and 12 from the 2023 MLSC campaign. Analyses were conducted at the National Instrument Center for Environmental Management (NICEM) at Seoul National University using an isotope ratio mass spectrometer (IsoPrime-EA, Micromass, UK). δ13C values are reported relative to the Vienna Pee Dee Belemnite (V-PDB) standard, and δ15N values are reported relative to atmospheric N2 (Air). The stable isotope ratios of carbon (δ13C) and nitrogen (δ15N) were calculated using the following equation:

	

Here, R represents the 13C/12C or 15N/14N ratios of the sample and the standard reference material. The reproducibility of the stable isotope measurements was< 0.1‰ for carbon and< 0.2‰ for nitrogen.




2.4 Grain size analysis

Grain-size analysis was conducted on sediment samples taken 5 cm below the top of the working core halves to minimize the influence of disturbed sediment. Grain-size distribution was measured using the pipette method after the removal of organic matter with 30% H2O2 and carbonates with 2N HCl. Before grain-size analysis, the samples were disaggregated in a 2% dispersant solution ((NaPO3)6), and wet-sieved through a 4 phi (63 μm) sieve to separate the sand and mud fractions. The sand fraction (>63 μm) was dry sieved at 1 phi intervals, while the mud fraction (<63 μm) was analyzed using a particle size analyzer (Sedigraph 5120). Weight percentage data were processed using the logarithmic method of moments (in phi units) in Gradistat v.9.1 (Blott and Pye, 2001) to derive grain-size distribution statistics.





3 Results



3.1 TOC, C/N ratio, δ13Corg, and δ15Norg results

The values of TOC, C/N ratio, δ13Corg, and δ15Norg are visually represented in Figure 2 and detailed in Appendix 1. The results are presented here according to zonation defined as: Zone A (straits), Zone B (coastal), and Zone C (offshore basin) (Figure 3).




Figure 2 | Spatial distribution maps of sedimentary and geochemical parameters in the East Sea: (A) TOC (wt%) shows higher concentrations in northern coastal areas and the central basin, with lower values near the straits. (B) δ¹³Corg (‰) displays more enriched values near the straits, with progressively more depleted values offshore. (C) C/N ratio highlights higher values in northern coastal areas compared to offshore regions. (D) δ15Norg (‰) exhibits the highest values near the straits and lower values in northern coastal and offshore areas.






Figure 3 | Spatial distribution of survey points across Zones A, B, and C in the southeastern offshore region of Korea. The zones are delineated to focus on specific areas of interest: Zone A (southern region), Zone B (central region near Yeongdeok and Pohang), and Zone C (offshore region to the east).



Zone A includes sites near the Korea Strait and Tsushima Strait, mostly from the 2010–2014 mapping survey. TOC values in this zone were the lowest, ranging from 0.32 to 1.01 wt%, with an average of 0.67 wt%. C/N ratios ranged from 3.2 to 9.1, with an average of 6.5, reflecting a relatively marine origin. δ13Corg values ranged from −21.14‰ to −20.33‰ (average: −20.67‰), and δ15Norg values were the highest among the zones, averaging 6.55‰, indicating strong isotopic enrichment associated with dynamic depositional conditions.

Zone B includes stations primarily from the 2022 MLSC and a portion of the mapping sites. TOC values ranged from 1.34 to 2.53 wt%, with a mean of 2.09 wt%, showing the highest TOC concentration among the zones. C/N ratios ranged from 4.1 to 6.5, averaging 4.7, suggesting a mixture of terrestrial and marine organic matter. δ13Corg values ranged from −22.03‰ to −20.42‰ (average: −21.09‰), while δ15Norg values ranged from 3.48‰ to 7.81‰ (average: 5.02‰), indicative of moderate nitrate utilization and higher productivity.

Zone C includes offshore sites, particularly from the 2023 MLSC and parts of the mapping dataset. TOC values ranged from 1.45 to 3.30 wt%, averaging 1.96 wt%, reflecting good preservation despite lower productivity. C/N ratios ranged from 3.5 to 7.8, with a mean of 5.0, indicating dominant marine phytoplankton contribution. δ13Corg values ranged from −23.15‰ to −21.34‰, with an average of −21.86‰, showing the most isotopically depleted carbon. δ15Norg values ranged from 4.06‰ to 5.48‰ (average: 4.68‰), lower than Zone B, possibly owing to reduced nitrate utilization or nitrogen fixation input.

Zone B (coastal) exhibited the highest TOC and δ15Norg values, along with elevated C/N ratios and enriched δ13Corg, suggesting strong productivity and terrestrial input. In contrast, Zone C (offshore) showed lower δ15Norg and more depleted δ13Corg, reflecting low productivity and possible nitrogen fixation. Zone A presented low TOC and C/N values with enriched δ15Norg, corresponding to hydrodynamically active environments.




3.2 Grain size results

Grain size variations are visually represented in Figure 2 and summarized in Appendix 1. The results are described below by spatial zonation (Figure 3).

Zone A samples are located near the Korea and Tsushima Straits, where hydrodynamic energy is relatively high. The mean grain size (Mz) in this zone was 3.93, with values ranging from 2.97 to 4.98, indicating the presence of both coarse and fine sediments. The mud content ranged from 15.16% to 66.98%, with an average of 31.74%, reflecting a dominance of sand-sized material and more dynamic depositional environments.

Zone B includes stations primarily sampled during the 2022 MLSC. The mean grain size (Mz) was 8.13, with a broad range from 5.75 to 9.70, indicating predominance of fine-grained sediments, such as clay and silt. Mud content ranged from 66.45% to 99.95%, with an average of 95.87%, consistent with quiescent coastal depositional environments with limited current energy.

Zone C comprises mostly 2023 MLSC and some mapping survey stations located in deeper offshore regions. The mean grain size (Mz) was 8.46, with a relatively narrow range from 7.44 to 9.55, indicating a uniform fine-grained sediment texture. Mud content ranged from 92.47% to 99.96%, with an average of 99.78%, suggesting very stable and low-energy depositional settings that favor the accumulation of fine materials.

Overall, grain size and mud content exhibited distinct spatial patterns across the three zones. Zone A, located near the straits, was characterized by coarser sediments and the lowest mud content, indicative of high-energy depositional environments shaped by strong hydrodynamic conditions. In contrast, Zone B (coastal) showed predominantly fine-grained sediments with consistently high mud content, reflecting reduced current energy and more quiescent sedimentation. Zone C, representing the offshore basin, displayed the finest and most homogeneous sediments, with nearly complete mud dominance across all samples. These patterns suggest a clear gradient in depositional energy and sediment texture from dynamic coastal straits to stable offshore basin environments.





4 Discussion



4.1 Spatial distribution of TOC and its stable isotopic composition (δ¹³Corg and δ15Norg)

The study area is classified into three zones—Zone A (near the straits), Zone B (northern coastal regions), and Zone C (central Ulleung Basin)—based on differences in sediment characteristics, hydrodynamic energy, and depositional environments. These distinctions are reflected in the spatial distribution of TOC, δ¹³Corg, C/N ratios, δ15Norg, and other sedimentary properties. The observed patterns highlight regionally distinct depositional settings and sedimentary dynamics across the zones, underscoring the influence of local environmental conditions (Figure 4; Table 1).




Figure 4 | Boxplots depicting spatial variations of sedimentary and geochemical parameters across Zones A, B, and C.




Table 1 | Ranges of geochemical and sedimentological properties across the Zones in the study area.



In Zone A, near the straits, TOC concentrations are the lowest, averaging 0.67%, and are accompanied by the most enriched δ¹³Corg values (-20.67‰ on average) and the lowest C/N ratios (3.30). These features align with coarse-grained sediments (mean Mz 4.98) and low mud content (31.74%), indicating dynamic depositional conditions. δ15Norg values are the highest in this zone, averaging 6.55‰, which reflects distinct differences in organic matter composition compared to the other zones.

Zone B, along the northern coastline, exhibits increased TOC concentrations, with an average of 2.09%, slightly more depleted δ¹³Corg values (-21.09‰ on average), and higher C/N ratios (6.30). The sediments in this zone are finer (Mz 8.13) with a higher mud content (95.87%), supporting enhanced organic matter accumulation compared to Zone A. The δ15Norg values in this zone average 5.02‰, representing intermediate levels and reflecting a transitional depositional environment influenced by finer sediments.

In Zone C, the central Ulleung Basin, TOC concentrations are the highest, averaging 1.96%, with slightly more depleted δ¹³Corg values (-21.86‰ on average) and moderate C/N ratios (4.68). The sediments in this zone are the finest (Mz 8.46), with nearly 100% mud content (99.78%), providing an optimal environment for organic matter preservation. δ15Norg values averaging 4.75‰ remain stable, reflecting the deep, low-energy depositional conditions of the basin.

To better understand preservation efficiency, we considered multiple geochemical and sedimentological parameters in an integrated manner. While each parameter provides unique insight, their relative contributions were not explicitly weighted, as doing so was beyond the scope of this study. Pearson correlation analysis using all surface sediment samples showed a significant negative relationship between TOC and mean grain size (r = 0.81, p< 0.001), supporting the interpretation that finer sediments are more conducive to organic matter preservation (Figure 5). In addition to variations in organic geochemistry, sediment composition also exhibited a systematic spatial trend with respect to distance from the coastline. Coarser-grained sediments with lower mud content were observed in nearshore areas (Zones A and B), while fine-grained, mud-rich sediments dominated the offshore Ulleung Basin (Zone C). This trend reflects the decreasing influence of hydrodynamic energy and the increasing depositional stability toward deeper, offshore environments. This multi-indicator approach was intended to minimize interpretive uncertainty that may arise when relying on a single proxy. Beyond organic geochemistry, the spatial distribution of sediment texture also reflects underlying provenance and transport processes. In coastal regions (Zone B), relatively coarser sediments with lower mud content are observed, indicating stronger hydrodynamic conditions and influence from terrestrial inputs such as riverine discharge (e.g., Nakdong River). In contrast, the fine-grained sediments dominating the offshore Ulleung Basin (Zone C) suggest deposition primarily from suspended material delivered by lateral advection and settling from distant sources. These observations point to a continental-to-marine sediment delivery system, where hydrodynamic sorting and transport distance govern the sedimentary and geochemical characteristics across the shelf-to-basin gradient.




Figure 5 | Scatter plot showing the relationship between Total Organic Carbon (TOC, wt%) and mean grain size (Mz, Phi). A significant positive correlation is observed (r = 0.81, p< 0.001), with the red line representing the linear regression fit.






4.2 Sources of organic matter

The study area was previously classified into three zones—Zone A (near the straits), Zone B (northern coastal regions), and Zone C (central Ulleung Basin)—based on differences in sediment characteristics, hydrodynamic energy, and depositional environments. By comparing and analyzing δ13Corg values, TOC concentrations, C/N ratios, and other geochemical indicators across these zones, the relative contributions of autochthonous and allochthonous organic matter were evaluated.

Interestingly, in Zone A, where TOC concentrations are the lowest and the influence of terrestrial allochthonous organic matter was expected to be the greatest, the highest δ13Corg value (-20.67‰) was observed. This result suggests that autochthonous organic matter of marine origin may exert a relatively stronger influence than previously anticipated, outweighing the contribution of allochthonous sources. These findings underscore the need for an in-depth discussion of the factors influencing δ13Corg values in the study area. Accordingly, this study examines the primary factors affecting δ13Corg values in each zone, including sediment characteristics, hydrodynamic conditions, and the differential contributions of autochthonous and allochthonous organic matter.

In this study, the origins of organic matter in East Sea sediments were analyzed using δ13Corg values as a key indicator. δ13Corg values are a critical tool for identifying the primary sources of marine organic matter and assessing the relative contributions of autochthonous particulate organic matter (POM) and allochthonous POM. The δ13Corg values measured in this study (-23.15‰ to -20.33‰) align with the isotopic range of autochthonous POM synthesized by marine phytoplankton (-25‰ to -22‰; Bae et al., 2015). These findings strongly indicate that the organic matter in East Sea sediments predominantly originates from marine sources.

Allochthonous POM enters the East Sea through atmospheric deposition, the TWC, and riverine inputs such as the Nakdong River (Table 2). The input of POM via atmospheric deposition was estimated using the particulate organic carbon concentration (6 μgC/m³) measured at the Gosan site on Jeju Island (Kawamura et al., 2004). Following the method described by Duce et al. (1991), the total atmospheric flux was calculated as the sum of dry deposition (Fp) and wet deposition (Fr) using the following equations:


Table 2 | POC and PON flux and δ13C and δ15N values in autochthonous and allochthonous source regions around the East Sea.



	

	

where Cpa represents the POM concentration, Vd is the settling velocity (2 cm/s; Hsu et al., 2009), P is the annual precipitation (1,369 mm/year, KMA data), S is the scavenging ratio (1,000), and ρ is the air density (1,200 g/m³). The scavenging ratio reflects the removal efficiency of atmospheric components under varying environmental and meteorological conditions, typically ranging from 500 to 2,000 in coastal regions (Hsu et al., 2009). Using these parameters, dry deposition was estimated at 4 gC/m²/year, and wet deposition at 7 gC/m²/year, resulting in a total atmospheric flux of 11 gC/m²/year.

POM input from the TWC comprises East China sea coastal water and Kuroshio water, which flow into the East Sea via the Korea Strait. Sediment trap data indicate that the POM flux at the Yangtze River estuary is 2,665 gC/m²/year, but it decreases significantly to 55 gC/m²/year in the eastern East China Sea, where coastal water interacts with the Kuroshio current (Hung et al., 2013). Thus, the contribution of POM from the TWC to the East Sea is estimated to be less than 55 gC/m²/year.

The POM input from the Nakdong River is estimated based on its annual discharge of approximately 4.6 × 106 tons of suspended particles, 98% of which settle in coastal areas (Park et al., 1999). Assuming that only 2% of the synthesized organic matter (810 gC/m²/year; Park et al., 2009) reaches offshore areas, the contribution of POM from the Nakdong River to the East Sea is approximately 16 gC/m²/year.

Combining these contributions, the total input of allochthonous POM to the East Sea is estimated to be approximately 82 gC/m²/year, with atmospheric deposition contributing 11 gC/m²/year, the TWC contributing up to 55 gC/m²/year, and the Nakdong River contributing 16 gC/m²/year. This total is significantly lower than the production of autochthonous POM by marine phytoplankton, estimated at 273 gC/m²/year (Table 2). These findings confirm that organic matter in East Sea sediments predominantly originates from autochthonous POM.

The pattern of δ13C values in East Sea sediments further emphasizes the dominance of autochthonous POM over allochthonous sources (Figure 6). The δ13C values of allochthonous POM from atmospheric deposition (-27‰ to -18‰; Kawamura et al., 2004), the TWC (-22‰; Gao et al., 2014), and the Nakdong River (-28‰ to -22‰; Kang et al., 2007) exhibit mixed isotopic signatures compared to the more consistent δ13C values of marine phytoplankton-derived POM. The δ13C values recorded in East Sea sediment traps (-25‰ to -22‰; Kim et al., 2017) closely align with those of marine phytoplankton-derived POM, indicating that autochthonous sources exert a stronger influence on sedimentary δ13C values than allochthonous inputs.




Figure 6 | Range of δ13C values for: a) C3 plant (Deines, 1980) b) C4 plant (Deines, 1980), c) Terrestrial POM (Lamb et al., 2006), d) Marine POM (Lamb et al., 2006), e) China Dust (Kawamura et al., 2004), f) Nakdong River (Kang et al., 2007), g) ECSCW (Wu et al., 2003), h) Kuroshio current (Wu et al., 2003), and i) Phytoplankton pigment (C37:2 alkenone) in the East Sea (Bae et al., 2015). The gray-shaded area represents the range of δ13Corg values observed in this study.



Globally, increased primary productivity in marine phytoplankton leads to an increase in intracellular carbon demand, resulting in increased carbon flux into phytoplankton cells. As a result, the δ13C values of organic matter synthesized by phytoplankton tend to increase (Rau et al., 1996; Popp et al., 1999). In the East Sea, POM fluxes peak during spring and autumn, coinciding with increases in δ13CPOM values (Figures 7A, B) (Kim et al., 2017). This pattern corresponds to periods of elevated chlorophyll-a concentrations, which act as a proxy for primary productivity (Figure 7C) (Lee et al., 2014). Thus, the seasonal increases in δ13CPOM values observed in the East Sea are likely driven by heightened primary productivity during these periods.




Figure 7 | Seasonal variation of (A) δ13Cpom values and (B) POC flux from sediment trap data (Kim et al., 2017), and (C) Chlorophyll-a concentrations (Lee et al., 2014) in the East Sea. These data are not from the present study but are cited from previous literature to support interpretation of seasonal trends in organic matter dynamics. Seasons are defined as Spring (Mar–May), Summer (Jun–Aug), Autumn (Sep–Nov), and Winter (Dec–Feb).



Interestingly, although autochthonous POM dominates in the East Sea, its δ13C values (-25‰ to -22‰) are relatively lighter than the typical range of marine phytoplankton-derived POM (-22‰ to -18‰) (e.g., Lamb et al., 2006). Globally, primary productivity, as indicated by POC flux, is higher in the subarctic Northwest Pacific (up to 50 mg/m²/day) compared to the western equatorial Pacific (maximum ~8 mg/m²/day). Despite this, δ¹³CPOM values are lower in the subarctic waters (-24‰ to -26‰) than in equatorial regions (-20‰ to -24‰) (Nakatsuka et al., 1997; Yasuda et al., 2016). This discrepancy is likely due to the higher [CO2(aq)] concentrations in subarctic regions, which induce greater isotopic fractionation. In surface water, [CO2(aq)] levels are highest in subarctic regions, reaching approximately 20 µmol/L, whereas in equatorial regions, [CO2(aq)] levels are significantly lower, around 5–10 µmol/L (Broecker et al., 1982). Consequently, δ13CPOM values in the subarctic Pacific range from -26‰ to -30‰, while in equatorial regions, δ13CPOM values are higher, ranging from -20‰ to -22‰ (Sackett et al., 1965; Nakatsuka et al., 1997; Guo et al., 2004; Yasuda et al., 2016). This pattern highlights the influence of higher [CO2(aq)] concentrations in subarctic water, which lead to greater isotopic fractionation and lower δ¹³CPOM values, whereas lower [CO2(aq)] levels in equatorial regions result in relatively higher δ¹³CPOM values.

These global patterns contrast with the δ13CPOM distribution in the East Sea. In the East Sea, δ13CPOM values are lower than those observed in the open ocean and are strongly influenced by seasonal variations in primary productivity. This underscores the distinctive characteristics of δ13CPOM values in the East Sea, which are primarily driven by local phytoplankton productivity and regional environmental factors.

This study demonstrates that δ13C values in East Sea sediments are predominantly influenced by autochthonous POM synthesized by marine phytoplankton. Seasonal variations in δ13C values are closely linked to primary productivity, as evidenced by changes in chlorophyll-a concentrations and POM fluxes. Additionally, regional environmental factors, such as surface water [CO2(aq)], play a critical role in shaping δ13CPOM values, distinguishing the East Sea from global patterns. These findings highlight the critical role of local and regional dynamics in controlling the biogeochemical cycling of organic matter in marginal seas and offer valuable insights for reconstructing past environmental changes in similar marine systems.




4.3 Biogeochemical drivers of organic matter isotopic variability

The spatial variations in δ13C values of organic matter in the East Sea reflect differences in organic matter sources, nitrogen dynamics, primary productivity, and depositional environments between coastal and offshore regions. Both Zone B (coastal) and Zone C (offshore) exhibit high TOC values; however, δ13C values in offshore areas are approximately 1‰ lower than those in coastal regions. These differences are likely driven by the complex interplay of carbon and nitrogen cycling, where enhanced nitrate utilization increases primary productivity, leading to δ13C enrichment in organic matter through preferential uptake of 12C by phytoplankton.

The particulate organic nitrogen (PON) flux from autochthonous sources (63 gN/m²/year) is nearly five times higher than that from allochthonous sources (14 gN/m²/year) (Table 2) (Kawamura et al., 2004; Park et al., 2009; Kwak et al., 2013). The δ15NPOM values in the East Sea, ranging from 3‰ to 7‰ annually, align more closely with the δ15N values of marine phytoplankton (<200 μm; 3‰–6‰) than with allochthonous inputs such as atmospheric deposition (-4‰ to 12‰; Kawamura et al., 2004), the Korea Strait (3‰; Gao et al., 2014), or the Nakdong River (8‰ to 14‰; Kang et al., 2007). These findings indicate that the nitrogen in POM is predominantly influenced by autochthonous sources synthesized in the surface ocean, which plays a significant role in shaping the δ13C values in the region.

In Zone B, higher δ13C values (-21.09‰) are observed, reflecting elevated primary productivity supported by nutrient inputs from riverine discharge, atmospheric deposition, and vertical mixing. These nutrient sources stimulate phytoplankton growth, increasing carbon demand and promoting the preferential uptake of the lighter 12C isotope. Consequently, this process enriches the remaining dissolved inorganic carbon (DIC) pool in 13C, resulting in higher δ13C values in organic matter (Rau et al., 1996; Popp et al., 1999). The moderate C/N ratio (6.30) in Zone B supports the dominance of marine phytoplankton-derived organic matter. Additionally, the δ15N values (5.02‰) in this zone indicate significant nitrate utilization, with isotopic fractionation during nitrate assimilation leading to higher δ15N values. This pattern reflects strong nitrogen demand and high productivity, which collectively explain the elevated δ13C values in coastal regions.

In contrast, Zone C exhibits lower δ13C values (-21.86‰) despite its high TOC content (1.96%), suggesting reduced primary productivity and distinct biogeochemical influences. The low C/N ratio (4.68) indicates that organic matter is primarily derived from marine phytoplankton, but the depositional and nutrient environments differ significantly from those in coastal regions. The δ15N value (4.75‰) is lower than in Zone B, suggesting weaker nitrate consumption or a dilution effect from nitrogen fixation. Nitrogen fixation introduces isotopically lighter nitrogen (-4‰ to -1‰; Sigman and Casciotti, 2001), which may contribute to the lower δ15N values in offshore regions. Furthermore, the stable depositional environment in Zone C, characterized by high mud content (99.78%), facilitates the preservation of isotopically lighter organic matter, contributing to the observed δ13C values. The reduced productivity in Zone C also results in reduced carbon demand, leaving a larger proportion of isotopically lighter DIC available for phytoplankton assimilation, further decreasing δ13C values. The enhanced preservation in Zone C may also be supported by low oxygen conditions and reduced microbial degradation in fine-grained, stable sediments. Although not directly measured, such conditions are typical in deep basin settings and should be evaluated in future studies through microbial and compositional analyses of organic matter.

The active vertical mixing in the East Sea helps explain the spatial isotopic patterns observed between Zones B and C. While mixing enhances nutrient supply in both regions, it is more effective in coastal areas such as Zone B, where it sustains higher primary productivity and contributes to enriched δ13C values. In contrast, offshore Zone C experiences more limited nutrient replenishment, resulting in lower productivity and more depleted isotopic signatures.

Although this study is based on short-term surface sediment data, we incorporated published seasonal sediment trap records to infer temporal trends in organic matter isotopic composition. We acknowledge the limitations of our temporal resolution and recommend future studies that integrate sediment cores and long-term observations to better constrain the seasonal and interannual dynamics of carbon and nitrogen cycling.

Overall, our results emphasize the importance of integrating δ13C, δ15N, and C/N ratios to characterize organic matter dynamics. The contrasting isotopic patterns between Zones B and C reflect differences in productivity, nitrate utilization, and depositional conditions. While environmental variables such as temperature, salinity, and oxygen were not directly measured, they likely affect microbial degradation and preservation, and should be incorporated into future research to provide a more mechanistic understanding of organic matter cycling in the East Sea. Compared to other marginal seas such as the Yellow Sea and the South China Sea, the East Sea exhibits distinctive biogeochemical and sedimentological features due to its semi-enclosed geometry, greater water depth, and pronounced vertical mixing. While the Yellow Sea is characterized by high riverine input, shallow depths, and extensive mudflats that promote terrestrial organic matter deposition, the East Sea supports higher primary productivity and more efficient organic matter preservation in deeper, low-energy environments. These regional differences underscore the need to consider local environmental settings when assessing organic matter sources and cycling across marginal marine systems.





5 Conclusion

This study presents a comprehensive analysis of organic matter dynamics in East Sea sediments, focusing on spatial variations in TOC, δ13Corg, C/N ratios, and δ15Norg. The findings reveal that autochthonous POM derived from marine phytoplankton is the primary source of organic matter, with δ13C values (-23.15‰ to -20.33‰) closely aligning with isotopic signatures of phytoplankton. Contributions from allochthonous POM—primarily via atmospheric deposition, the TWC, and riverine inputs—are relatively minor compared to the dominant autochthonous production.

Distinct regional differences were observed, with Zone B (coastal regions) exhibiting higher primary productivity, enriched δ13Corg values (-21.09‰), and significant nitrate utilization, as reflected by δ15Norg values (5.02‰). In contrast, Zone C (central Ulleung Basin) displayed more depleted δ13Corg values (-21.86‰), indicative of reduced productivity, weaker nutrient utilization, and the preservation of isotopically lighter organic matter under stable depositional conditions.

Seasonal variability in δ13Corg values aligns with periods of elevated primary productivity during spring and autumn, underscoring the influence of chlorophyll-a concentrations and nutrient dynamics on isotopic signatures. Moreover, global patterns of δ13C and δ15N variations highlight the significance of local environmental factors, such as surface water concentrations [CO2(aq)] and hydrodynamic energy, in shaping the isotopic composition of organic matter.

To further expand on these insights, other marginal seas with differing hydrodynamic and depositional settings can be explored in future research to test the applicability of the observed patterns. Investigating the impacts of climate change on POM dynamics, particularly regarding changes in productivity and nutrient availability, would also be crucial. Furthermore, advancing isotopic measurement techniques and conducting high-resolution sediment core studies could refine our ability to trace past environmental changes and improve our understanding of biogeochemical processes in diverse marine environments.

Future oceanographic changes, including warming-induced stratification and acidification, may alter productivity regimes and organic matter preservation efficiency in the East Sea. These changes could impact δ13C and δ15N signatures, highlighting the need for long-term monitoring and modeling efforts.
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