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Coastal estuaries and adjacent continental shelf seas constitute vital global carbon reservoirs, and the sources and transformations of organic carbon in these regions are crucial to global biogeochemical cycles and climate change. This study investigated the total organic carbon (TOC), total nitrogen (TN), black carbon (BC), and their stable carbon and nitrogen isotopes (δ15NTN, δ13CTOC, δ13CBC) in the surface sediments of the Pearl River Estuary (PRE) and its adjacent northern South China Sea (NSCS) aiming to assess the impact of human activities on organic carbon dynamics in these areas. Results showed that the highest TOC concentrations occurred in the inner PRE due to intense human activities, and decreased seaward. The west side of the PRE exhibited higher TOC levels than the east side, which was attributed to differences in hydrodynamic processes and human activities. The westward flow of the Pearl River diluted water, which carried terrestrial organic matter inputs due to the influence of the Coriolis effect and intense local human activities, was a primary contributor to higher TOC levels on the west side (terrestrial source). In contrast, increased productivity and intensive mariculture activities on the east side predominated as sources of organic matter (marine source). Similar to the TOC, BC and TN sources were mainly influenced by human activities. δ15NTN distribution shows that TN in the east side of PRE mainly originated from industrial wastewater input from the Pearl River, while in the east side TN was mainly from domestic sewage discharge. Additionally, BC sources have shifted from primarily biomass combustion in the 1990s to fossil fuel emissions presently. Isotopic analysis revealed that over 70% of BC originated from fossil fuel inputs and C3 plant combustion, highlighting the significant influence of human activities in the PRE and adjacent NSCS, and underscoring the need for effective management and protection of the eco-environment in these regions.
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Introduction

Estuaries and coastal areas, situated between the land and the ocean, are key areas for transporting terrestrial materials to the ocean. Total organic matter (TOC) in marine sediments is crucial factor for global biogenic cycling and climate change (Atwood et al., 2020; LaRowe et al., 2020; Faust et al., 2021). According to reports, approximately 90% of organic carbon is buried in estuaries and coastal shelf areas, making it one of the most important carbon reservoirs in the global ocean and playing a crucial role in global carbon cycling and climate change (Dai et al., 2022; LaRowe et al., 2020; Zhao et al., 2021). Among the organic matter, black carbon (BC) is a critical component of sedimentary organic matter, which mainly originates from the incomplete combustion of fossil fuels and biomass, and/or from weathered rocks (Coppola et al., 2022; Dickens et al., 2004; Pang et al., 2021). Moreover, due to its remarkable stability in the carbon pool, BC serves as a potent tracer of human activities across both modern and geological timeframes (Wu et al., 2019; Dan et al., 2022; Sun et al., 2022). Therefore, studying the sources and fate of organic carbon in coastal marine sediments can contribute to a deeper understanding of global ocean carbon burial and its impact on climate change.

However, the complexity of hydrodynamics in coastal areas, especially in estuarine areas, and the impact of intense human activities, have posed challenges indentifying the sources of organic carbon in coastal areas. The development in use of stable isotopes (e.g., carbon and nitrogen isotopes) has facilitated a deeper understanding of coastal marine organic matter sources, because their compositions can effectively differentiate the origins of marine sedimentary organic carbon (Carneiro et al., 2021; Liu et al., 2019; Pang et al., 2021; Xia et al., 2021; Yang et al., 2023). For example, the carbon isotope abundance of TOC (δ13CTOC) in marine organic matter (from -21‰ to -19‰) is significantly higher than that of terrestrial organic matter (from -30‰ to -23‰) (Meyers, 1994). Similarly, the black carbon isotopes (δ13CBC) produced by incomplete combustion of C3 plants (-26.7‰) are significantly lower than those produced by fossil fuel combustion (-25.2‰) and rock weathering (-20.2‰) (Dickens et al., 2004; Vaezzadeh et al., 2023; Xiao et al., 2021; Uchida et al., 2023). Thus, the stable carbon isotope in the organic matter can be a valuable tool for tracing the complex organic sources in coastal marine ecosystems.

The Pearl River Estuary (PRE) is an interface connecting the developed economic zone of South China with the northern South China Sea (NSCS). This is a highly dynamic estuarine system, carrying the input of the Pearl River, the second-largest runoff in China. In particular, under the influence of the Coriolis force, the Pearl River diluted water tends to flow to the west, which leads to obvious differences in pollutant loads and biogeochemical processes between the east and west sides of the PRE (Ye et al., 2015 and 2017). Despite intense human activities, current research has provided some insights into the distribution and burial patterns of organic matter in the PRE, as influenced by salinity gradients (Xiao et al., 2022; Yin et al., 2021; Wei et al., 2020; Li et al., 2023). However, under the complex hydrodynamic conditions of the PRE, it is still unclear whether the obvious hydrodynamic differences between the east and west sides of the PRE will lead to the difference in the source and fate of marine organic matter between the two sides. Particularly, with the rapid development of the Pearl River Delta (such as the development of the Guangdong-Hong Kong-Macao Greater Bay Area), changes in human activities may also change the source and fate of these organic matter (Li et al., 2023; Yang et al., 2023). Thus, conducting additional field investigations is imperative to unravel the sources and burial processes of organic carbon in the PRE and its neighboring regions. In this study, TOC, total nitrogen (TN), BC, and their stable carbon and nitrogen isotopes (δ15NTN, δ13CTOC and δ13CBC) in the surface sediments of the PRE and its adjacent NSCS were investigated to explore the impact of increasingly intense human activities on the sources and burial of organic carbon in these regions.





Materials and methods




Field sampling

The study area encompassed the upper reaches of the PRE to the offshore areas of the NSCS, as illustrated in Figure 1. During August 2021, a total of 23 surface sediment samples, collected from the upper 0.5 cm layer at 23 stations spanning the PRE and its adjacent offshore areas within the NSCS (21.74°N to 22.71°N, 113.38°E to 114.32°E), were obtained using a box sampler. After collection, the samples were stored at -20°C onboard the ship for subsequent laboratory analysis. After on-site sampling was concluded, the sediment samples were promptly transferred to the laboratory and immediately freeze-dried for subsequent analysis.




Figure 1 | Sampling stations in the Pearl River Estuary (PRE) and the northern South China Sea. The blue arrow is the Pearl River diluted water and the West-Guangdong coastal current (WGCC), modified from Chen et al. (2022) and Lao et al. (2022).







Sediment grain size

An appropriate amount of freeze-dried sediment sample was weighed and placed in a centrifuge tube. Then, 10ml of 10% H2O2 solution was added, and the sediment samples was placed in a 60°C water bath for 24 hours to remove organic matter. Subsequently, 10% HCl was added to dissolve carbonates. The sediment samples were then rinsed with deionized water and dispersed with 0.05 mol L-1 (NaPO3)6 using an ultrasonic bath. The grain size distribution was analyzed using a particle size analyzer (Master Sizer 3000) (Yang et al., 2023).





Measurements for TOC, TN and their isotopes

For TOC and its carbon isotope (δ13CTOC), the sediment samples underwent pretreatment with diluted HCl to remove carbonates. TN and its nitrogen isotope (δ15NTN) were measured in bulk samples. TOC, TN, δ13CTOC, and δ15NTN were determined using an elemental analysis isotope ratio mass spectrometer (EA Isolink series elemental analyzer interfaced with a MAT 253 plus mass spectrometer). The values of δ15NTN and δ13CTOC were reported relative to atmospheric N2 and the Vienna PeeDee Belemnite standard (V-PDB), respectively. Reference standards IVA33802151 and AEB2153 were used to ensure the accuracy and precision of TOC and TN, respectively. The average standard deviations of TOC and TN were ± 0.2%, and those of δ15NTN and δ13CTOC were ± 0.2‰.





Measurements for black carbon and its isotopes

The pretreatment of BC and its carbon isotope (δ13CBC) followed the chemical oxidation method by Lim and Cachier (1996). First, sediment samples were ground to 200 mesh and 10 mL of 3 mol L-1 HCl were added to remove carbonates. Then, a mixed solution of 10 mL of hydrofluoric acid (HF, 48%) and HCl (6 mol L-1) was injected to react thoroughly for 48 hours, with shaking every 2 hours. Subsequently, 10 mL of 10 mol L-1 HCl was added for 24 hours to remove secondary fluoride. Finally, a mixed solution of sulfuric acid (H2SO4, 2 mol L-1) and potassium dichromate (K2Cr2O7, 0.1 mol L-1) was added and the samples were placed in an ultrasonic water bath at 55°C for 60 hours to remove kerogen and organic matter. The BC and δ13CBC were measured using the EA-Isolink series elemental analyzer interfaced with a MAT 253 plus mass spectrometer. The values of δ13CBC were reported relative to the V-PDB standard. Precision was monitored using the reference standard IVA33802151. The average standard deviations of BC and δ13CBC were ± 0.2% and ± 0.1‰, respectively.





Data statistical analysis

Correlation analysis and scatter plot drawing were performed using IBM SPSS (version 19). The spatial distribution characteristics of carbon, nitrogen, and their isotopes were plotted using Ocean Data View (version 4). The contribution of the potential sources of black carbon in sediments was estimated using the IsoSource model.






Results




The distribution of sediment grain size

The average particle size (Mz) of sediment in the PRE and adjacent NSCS waters, ranging from 12.0 to 49.2 μm, was calculated using the method proposed by Folk and Ward (1957) (Figure 2). The sediments at all sites primarily composed of silt, ranging in percentages from 58.39% to 94.55% (Figures 2A–D). In contrast, sand and clay contents in the PRE and adjacent offshore NSCS were relatively lower, with sand contents varying from 1.33% to 31.77% and clay contents ranging from 2.94% to 25.39%, respectively (Figures 2B, D). The distributions of Mz and sand content were similar, showing lower in the inner PRE and gradually increasing seawards (Figures 2A, D). Conversely, the contents of clay and silt were higher in the inner PRE and lower in the offshore NSCS regions (Figures 2B, C). Notably, sites A6 and A10 exhibited the lowest clay content, whereas site A6 had the highest silt content. At stations A7, A8, and A10, the silt contents were significantly lower, showing a distinct inverse relationship with the distribution of sand.




Figure 2 | The spatial distribution characteristics of Mz (A), clay (B), silt (C) and sand (D) in the PRE and its adjacent offshore NSCS.







The distribution of total nitrogen and organic carbon and their isotopes

The distributions of TOC, TN, and BC contents, along with their isotopes δ15NTN, δ13CTOC, and δ13CBC, as well as C/N (TOC/TN) and BC/TOC ratios in the surface sediments of the PRE and the adjacent offshore NSCS displayed varying patterns (Figure 3). TOC and TN contents ranged from 0.3% to 1.3% and 0.03% to 0.13%, with averages of 0.87% and 0.096%, respectively. The highest TOC content was found in the inner PRE, with higher concentrations also observed in the western and eastern parts, whereas lower content was observed in the offshore areas (Figure 3A). Conversely, higher TN contents were noted in the western and eastern parts of the PRE, while lower concentrations were found toward the offshore NSCS regions (Figure 3B). The δ13CTOC and δ15NTN values varied from -26.0‰ to -21.9‰ and from 4.8‰ to 5.9‰, respectively, with average values of -23.1‰ and 5.3‰ in the PRE and adjacent offshore NSCS regions. The lowest δ13CTOC values occurred in the upper PRE, increasing seawards (Figure 3C). Similarly, lower δ15NTN values were observed in the PRE, with values increasing seaward (Figure 3D). Notably, the western PRE exhibited lower δ13CTOC and δ15NTN values, while higher values were observed in the eastern PRE (Figures 3C, D).




Figure 3 | The spatial distribution characteristics of TOC (A), TN (B), clack carbon (E) and their isotopic values (C, D, F), and C/N (G) and BC/TOC (H) ratios in the PRE and its adjacent offshore NSCS.



BC contents ranged from 0.19% to 0.42% in the PRE and adjacent offshore NSCS regions, with an average of 0.30%. In contrast to TOC and TN, lower BC contents were noted in the inner PRE, gradually increasing towards the outer offshore regions (Figure 3E). The δ13CBC values ranged from -25.7‰ to -23.0‰, with an average of -23.5‰. Similar to the distribution of BC contents, lower δ13CBC values were found in the inner PRE, and values gradually increased seawards (Figure 3F).

C/N ratios ranged from 8.29 to 15.62, with an average of 10.88. Contrary to the δ13CTOC distribution, higher C/N ratios were observed in the inner PRE, decreasing seaward (Figure 3G). The BC/TOC ratios ranged from 0.24 to 1.04, with an average of 0.35. Lower BC/TOC ratios were observed in the inner PRE, whereas higher ratios were observed in the outer offshore regions (Figure 3H).






Discussion




Source apportionment of organic matter sources

The TOC content in the PRE is close to that in the coastal areas of western Guangdong Province (0.9%) (Gu et al., 2010), but higher than the coastal areas of eastern Guangdong Province, such as Daya Bay (0.6%) (Yang et al., 2023). The distribution pattern of TOC in our study is agreeable with this distribution characteristics of low in the east and high in the west (Figure 3). Additionally, the TOC content in our study is higher than that in the Leizhou Peninsula (0.42%) (Xia et al., 2022), the Bohai Sea (0.46%) (Gao et al., 2016), the Yellow Sea (0.50%) (Zhang et al., 2014), and the Western Taiwan Strait (0.37%) (Ye et al., 2011). Similarly, the TN content in the PRE is higher than that Leizhou Peninsula (0.05%) (Xia et al., 2022) and the Bohai Sea (0.07%) (Gao et al., 2016). This reflects that the organic matter within the sediment of the PRE may be significantly more impacted by human activities.

This study delves into the intricate influence of human activities on the distribution patterns of organic matter within the PRE and its adjacent waters. It revealed a significant positive correlation between TOC and TN contents (Figure 4A), suggesting similar sources for these components (Xia et al., 2022; Yang et al., 2023). However, the TOC-TN slope of 5.02 significantly deviates from the Redfield value (6.8), indicating the complexity and diversity of organic matter sources in the PRE, which are influenced by human activities (Zhang et al., 2009; Li et al., 2023). Geochemical indices such as C/N ratios and stable carbon and nitrogen isotopes (δ15NTN and δ13CTOC) are crucial tools for distinguishing between terrestrial and marine sources of organic matter in aquatic environments (Carneiro et al., 2021; Lao et al., 2023a; Wu et al., 2023; Xia et al., 2021). Typically, C/N ratios for marine sources like phytoplankton and zooplankton range from 3-8, whereas terrestrial sources generally display higher values (≥12) (Meyers, 1994). Additionally, terrestrial and marine sources exhibit distinct isotopic signatures. Terrestrial plants, categorized into C3 and C4 types, show δ13CTOC values ranging from -30‰ to -23‰ for C3 plants and from -16‰ to -10‰ for C4 plants (O'Leary, 1988). In contrast, δ13CTOC values from marine organic matter sources range from -22‰ to -19‰ (Fontugne and Jouanneau, 1987).




Figure 4 | The linear correlation of TOC-TN (A) and TOC-Mz (B) in the PRE and its adjacent offshore NSCS.



In the PRE and its adjacent waters, C/N ratios and δ13CTOC values closely align with terrestrial sources. Particularly in the PRE (stations A1-A8), the C/N ratios consistently exceeded 12, indicating a predominant input of terrestrial organic matter. Notably, the significantly higher C/N ratios (>12) in the western PRE compared to those (<9) in the eastern PRE suggested a stronger terrestrial influence in the west, contrasting with the dominant marine sources in the east. Additionally, higher δ13CTOC values in the eastern PRE (from -22.7‰ to -21.9‰) indicated a dominance of marine sources, whereas the lower values in the western PRE (from -24.0‰ to -22.3‰) suggested proximity to terrestrial C3 plants.

Similarly, δ15NTN values were lower in the inner PRE, and the values decreased seaward (Figure 3). Additionally, the δ15NTN values in the west side of PRE were lower than that in the east side (Figure 3). Generally, the industrial waste is characterized by low δ15NTN value (Yang et al., 2023) and previous studies attributed the low δ15NTN values in the coastal sediments to the river discharge (Yang et al., 2023). In contrast, domestic sewage exhibits relatively high δ15NTN values (Lao et al., 2023a). As the second largest runoff river in China, the Pearl River can discharge a large amount of wastewater from the basin into the PRE. This led to the trend of decreasing ammonium concentration from PRE to offshore (Chen et al., 2022). Thus, the lower δ15NTN values in the west side of PRE could reflect the influence of industrial waste input. However, the eastern areas of the PRE gather one of the most developed urban agglomerations in China, and the domestic sewage of these cities may be responsible for the high δ15NTN value in the east side of the PRE (Ye et al., 2015 and 2017).





Impact of human activities and hydrodynamic processes on organic matter

In the summer, the flood season for the Pearl River basin, a substantial influx of land-based pollutants flows into the PRE and its adjacent waters (Chen et al., 2022; Li et al., 2019; Ye et al., 2017 and 2018; Zhang et al., 2009). Hydrodynamic processes and human activities are two primary factors contributing to the regional disparity in organic matter distribution within the PRE. The Pearl River runoff, influenced by the Coriolis force of the Northern Hemisphere, shifts westward upon entering the PRE, contributing to the formation of the West-Guangdong coastal current (Deng et al., 2022; Lao et al., 2023b; Ye et al., 2015 and 2016). As a result, the western PRE accumulates a significant amount of pollutants, including organic matter (Ye et al., 2017 and 2018). Furthermore, the rapid economic growth on the western side of the PRE and in the coastal area of western Guangdong has increased pollutant inputs from terrestrial sources in recent years, surpassing those from the coastal current and becoming the predominant source of pollutants in these regions (Lao et al., 2019; Zhou et al., 2024). Thus, these factors collectively influence the organic matter content on the western side of the PRE, resulting in higher concentrations compared to the eastern side.

The Pearl River Delta and the Pearl River Basin have undergone significant economic development, increasing the human influence on the organic matter in the PRE and its adjacent areas (Ye et al., 2017 and 2018). Since the 1980s, large-scale development activities such as land reclamation, river sand mining, and construction of ports, docks, and sea-crossing bridges have led to a substantial influx of terrestrial organic matter into these waters (Ye et al., 2017 and 2018). Despite these large-scale development activities, TOC contents decrease as they move seaward (Figure 3), reflecting a diminishing human impact in the offshore. Notably, TOC contents at stations A2 and A3, near the Chiwan Container Terminal in Shenzhen, are lower, likely due to frequent disturbances from ship navigation and dredging activities. These disturbances can cause resuspension of deposited organic matter, resulting in the ongoing remineralization and degradation of the matter (Lao et al., 2023a), which in turn results in coarser sediment particles. A significant negative correlation between TOC content and Mz further supports this observation about the influence of human activities (Figure 4B).

However, the increase in δ13CTOC values toward the offshore areas (Figure 3) indicates that a shift in the dominant source of organic matter towards marine source in these regions. Although the TOC content on the eastern side of the PRE is relatively lower compared to the western side, it remains significantly higher than in the offshore areas, with notably higher δ13CTOC values than those in the western region (Figure 3). This difference in TOC content and δ¹³CTOC values can be attributed to two main factors. Firstly, the eastern region experiences less hydrodynamic disturbance. This is due to the minimal influence of the Pearl River diluted water input, which facilitates phytoplankton growth (Ye et al., 2015 and 2016). This condition is corroborated by the observed higher marine productivity on the east side of the PRE (Ye et al., 2015). Increased oceanic productivity promotes biological activity, and the deposition and burial of the resulting organic debris significantly contribute to the elevated TOC levels in this region. Additionally, the eastern region serves as a crucial aquaculture base, benefiting from its high productivity. The excrement and biological debris from aquaculture organisms are significant contributors to the high TOC content (0.4-1.2%) in this area (Yang et al., 2023; Huang et al., 2020 and 2021). Previous studies have indicated that organic matter from aquaculture areas tends to be finer than that naturally deposited in non-aquaculture zones (Biggs and Howell, 1984). Furthermore, the weaker hydrodynamic conditions compared to the western region facilitate the burial of organic matter in sediments through biological deposition (Yang et al., 2023). Therefore, despite the relatively minor terrestrial organic matter input in the eastern region, the high rates of biological deposition and burial result in relatively high organic matter content.

Consequently, while the organic matter contents on both the west and east sides of the PRE are elevated, their sources differ significantly. Influenced by hydrodynamic processes, the elevated organic matter content on the west side primarily stems from terrestrial inputs and local human activities. Conversely, the increased marine productivity and human aquaculture activities in the area largely contribute to the higher organic matter content on the east side. Nonetheless, these variations are all ultimately linked to the impact of human activities.





The sources of black carbon in the PRE dominated by human activities

The spatial distribution pattern of BC is slightly different from TOC (Figure 3). Although the higher value of BC also occurred in the inner PRE and the western side of the PRE, the higher content of BC also occurred in the eastern side (Figure 3E). Similar to the TOC, the higher BC in the inner PRE and the western side of the PRE could be related to the intense human activities. Biomass fuels and fossil fuels are considered as the two main BC sources in the marine environment (Yang et al., 2023). The coastal areas in the eastern side of the PRE is one of the most developed areas in China, which is greatly affected by human activities in industry and ports. Previous studies have confirmed that regions with coal-fired power plants and high shipping activities have high BC content in the sedimentary environment (Yang et al., 2023; Marlon et al., 2008). This may be the reason for the higher BC content on the east side of PRE. Similar anomalous high values of BC also observed in the Daya Bay on the east side of PRE (Yang et al., 2023).

The origins of BC in the PRE can typically be traced using the BC/TOC ratio and δ13CBC values (Liu et al., 2019; Wu et al., 2019). Generally, the BC/TOC ratio from biomass fuels (~0.1) is lower than that from fossil fuels (~0.5) (Ruellan and Cachier, 2001; Bucheli et al., 2004). Additionally, isotope analysis can further differentiate BC sources, as each type exhibits distinct isotopic signatures. The δ13CBC values for BC derived from the combustion of C3 and C4 plants range from -30.7‰ to -23.7‰ and from -14.3‰ to -10.1‰, respectively, with average values of -27.2‰ and -12.2‰ (Dickens et al., 2004; Vaezzadeh et al., 2023). The average δ13CBC value resulting from the combustion of fossil fuels is -25.2‰ (Dickens et al., 2004). This study observed a significant positive correlation between δ13CTOC and δ13CBC in the PRE and adjacent areas (Figure 5A), suggesting that BC in the sediments primarily originates from the combustion of fossil fuels, with a significant contribution from biomass as well (Yang et al., 2023). Moreover, the BC/TOC ratios, ranging from 0.24 to 1.04 with an average of 0.35, align more closely with fossil fuel sources. Notably, compared to the BC/TOC ratio of 0.23 recorded in 1990, the current ratios in the PRE have significantly increased, suggesting a recent shift in energy structure towards greater reliance on fossil fuels. Furthermore, δ13CBC values ranging from -25.7‰ to -23.0‰ fall within the isotopic range of C3 plants and fossil fuels, supporting the dominance of fossil fuel emissions driven by human activities as the main source of black carbon in the PRE. With the rapid development of the socio economy, fossil fuel emissions continue to increase globally, especially in East Asia (Song et al., 2021). These polluted aerosols would eventually settle into the surface and marine environment (Lao et al., 2024), including the PRE region (Sun et al., 2008).




Figure 5 | The linear correlation between δ13CBC and δ13CTOC (A), and the contribution of various potential black carbon source (B).



As depicted in Figure 3, the δ13CBC values display a gradual increasing trend as they move from the estuary towards the open sea, indicating a potential change in BC sources. The considerable isotopic difference between C3 plants and fossil fuels allows the spatial distribution of δ13CBC values to reflect changes in BC types in the sediments. In the estuarine area, terrestrial inputs have a greater impact, accumulating substantial terrestrial organic matter, including carbon debris from C3 plant combustion (coarse particle components produced by biomass fuel combustion) (Yang et al., 2023). Conversely, BC in the offshore area likely receives more deposition from soot (fine particle components produced by fossil fuel combustion) (Fu et al., 2023; Liu et al., 2024; Zhang et al., 2024).

To further ascertain the sources of BC in the PRE sediments, this study employed the IsoSource model to estimate the contributions from various sources. Previous studies suggested that C3 plants are the primary source of terrestrial organic matter in the PRE and adjacent waters (Yu et al., 2010; Dan et al., 2022). However, with the massive use of fossil fuels, their contribution cannot be ignored, and even become the main source of organic matter in some areas of the PRE (Yang et al., 2023). Therefore, the model uses end-member δ13CBC values for fossil fuels, C3 plants, C4 plants, and rock debris as -25.2‰, -26.7‰, -14.0‰, and -20.2‰, respectively, derived from the literatures (Dickens et al., 2004; Vaezzadeh et al., 2023; Xiao et al., 2021; Uchida et al., 2023). The calculation formula is as follows:





Here, δM represents the measured δ13CBC values, δA, δB, δC, and δD are the δ13CBC values from the end-members of fossil fuels, C3 plants, C4 plants, and rock debris, respectively, and f represents the proportional contribution of each potential source. Results revealed that fossil fuels (35.1%) and C3 plants (33.8%) were the primary sources of black carbon in the PRE, with rock debris contributing 20.5%, and C4 plants accounting for only 10.6% of the total (Figure 5B). The high contribution of anthropogenic emissions is similar to the current quantitative results in the adjacent waters of the PRE (Yang et al., 2023). Nearly 70% of the black carbon present in the surface sediments can be attributed to the combustion of fossil fuels and C3 plants, unequivocally highlighting the profound influence of human activities on the sources of BC in the PRE.






Conclusion

This study analyzed TOC, TN, BC, and their stable carbon and nitrogen isotopes in the surface sediments of the PRE and its adjacent NSCS. The purpose was to evaluate the impact of human activities on organic matter in these regions. Generally, TOC content is higher in the inner regions of the PRE and gradually decreases towards the offshore areas. The TOC content is notably higher on the west side of the PRE than that on the east side, largely due to varying hydrodynamic processes and the intense human activities on the west side. Influenced by the Coriolis force, the high TOC levels on the west side are primarily attributed to terrestrial organic matter inputs from the westward flow of Pearl River diluted water, as well as intense local human activities. In contrast, on the east side of the PRE, elevated TOC levels are contributed by higher productivity and intensive mariculture activities. Additionally, the distribution of BC and TN is closely correlated with TOC, which were mainly influenced by human activities. δ15NTN distribution shows that TN in the east side of PRE mainly originated from industrial wastewater input from the Pearl River, while in the east side TN was mainly from domestic sewage discharge. Additionally, since the 1990s, the source of BC has shifted from biomass combustion to predominantly fossil fuel emissions. Isotopic quantification by the IsoSource model reveals that nearly 70% of BC originates from fossil fuels and C3 plant combustion; this underscores the significant impact of human activities on the distribution of organic carbon in the PRE and its adjacent areas.
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