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The coastal mudflats in central Jiangsu Province are influenced by the sediment supply from the Yangtze River and the abandoned Yellow River. However, the sources of sediment in this area have yet to be confirmed, and quantitative studies have been limited. In this study, we addressed this gap by obtaining sediment core samples with lengths of approximately 100 cm from Dongtai and Sheyang, respectively, on the central coast of Jiangsu Province in 2018. The sediment sources were identified and quantitatively evaluated using a grain-size end-member(EM) model. The findings revealed that (1) Sheyang was decomposed into five EMs, with EMs 1-3 originating from the abandoned Yellow River, EM 4 originating from the Yangtze River and the North Jiangsu radial sand ridges (NJRSR), and EM 5 originating from the NJRSR. Over a century scale, the abandoned Yellow River contributed 73.91% to sediment deposition in Sheyang, while the Yangtze River and the NJRSR contributed 26.09%. (2) Dongtai was decomposed into six EMs, with EMs 1-4 originating from the abandoned Yellow River, EM 5 originating from the Yangtze River, and EM 6 originating from the Yangtze River and the NJRSR. Over a century scale, the abandoned Yellow River contributed 70.55% to sediment deposition in Dongtai, and the Yangtze River and the NJRSR contributed 29.45%. (3) On a temporal scale, the contribution of the abandoned Yellow River to sediment deposition on the central mudflats of Jiangsu Province showed an increasing trend. Spatially, the contribution of the abandoned Yellow River to sediment deposition decreased from north to south. (4) There were significant changes in the sediment sources of Sheyang and Dongtai at the depths of 56 cm and 60 cm, respectively, which both experiencing an increased sediment supply from the abandoned Yellow River. In Dongtai, the sediment on the southern side had increased contributions from the abandoned Yellow River due to a reduction in the sediment supply from the Yangtze River. In Sheyang, the sediment on the northern side had increased contributions from the abandoned Yellow River due to the introduction of Spartina alterniflora, despite no actual changes in the sediment sources.
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1 Introduction

Tidal flats, as the most typical area of land-sea interaction, are widely common in the coastal zone and play a vital role in protecting the coastline, supporting high biodiversity, and acting as a barrier against natural disasters, such as storm surges (Barbier et al., 2011; Murray et al., 2014; Zhao et al., 2020a). The formation and evolution of tidal flats are closely related to terrestrial sediment inputs, global climate, and changes in marine dynamic environments (Xu et al., 2014; De Winter and Ruessink, 2017; Zhao et al., 2020b). Despite their significance, tidal flats are currently facing several threats, such as inadequate sediment supply, sea level rise, and human engineering activities, which could potentially result in erosion and degradation (Murray et al., 2014).

The Jiangsu coast is the most typical muddy coastal area in China. The influence of the East China Sea advancing tide wave and the South Yellow Sea rotating tide wave, along with the rich sediment supply from the ancient Yellow River and Yangtze River, has led to the development of the largest and most widely distributed tidal flats in China (Yu et al., 2017; Li et al., 2022) and the North Jiangsu radial sand ridges (NJRSR) (Xu et al., 2019). The mudflats along the central coast of Jiangsu are rich in biodiversity and ecosystem functions. These tidal flat areas serve as crucial habitats for numerous rare and endangered bird species, fish, and shellfish and play a significant role as key stopover sites for migratory birds. The tidal wetlands also serve important functions in protecting the coastline, mitigating storm surges, adsorbing pollutants, and maintaining water quality. However, the muddy coastal areas of central Jiangsu also face several challenges. With the return of the Yellow River to the north and the continuous southward movement of the Yangtze River estuary since 1855, the sediment influx has decreased substantially, leading to varying degrees of erosion in some of the tidal flats (Wang et al., 2006). Insufficient sediment supply, sea-level rise, and human engineering activities are factors that may also have led to the erosion and degradation of the tidal flats, which pose a threat to the tidal flat ecosystems. Therefore, research and conservation efforts are important in this region. Researchers have posited that the material origin of the modern tidal flats off the coast of Jiangsu is jointly controlled by the Yangtze and Yellow rivers (Li and Zhao, 1995; Zhang et al., 2012). Moreover, Zhang (Zhang, 1990) suggested that the material provenance of the northern part of the Jiangsu coast is dominated by the abandoned Yellow River sediments, while the southern part is dominated by the Yangtze River material. Other researchers contend that the present-day coastal sediment along the central coast of Jiangsu is mainly derived from the eroded material of the abandoned Yellow River Delta and the NJRSR, but the relative importance of these two provenances remains unclear (Zhang et al., 2014; Gao et al., 2016).

Furthermore, selecting qualitative indicators and methods to consider the NJRSR in Jiangsu as an independent source is challenging because the sediments of the NJRSR primarily originate from the ancient Yangtze River entering the sea during the Late Pleistocene (Fu and Zhu, 1986). Prior sediment provenance studies of the tidal flats along the Jiangsu coast have mostly used qualitative or semi-quantitative methods and surface samples, and there is a lack of quantitative studies on the contribution rates of the Yangtze River, abandoned Yellow River, and NJRSR over time. Understanding the evolutionary history of the sediment provenance and quantitatively analyzing the contribution rates of these three provenances is of great significance for understanding the characteristics, formation process, and future evolution trends of the sedimentary system of the tidal flats along the coast of Jiangsu.

Recently, with the advancements in modern testing and the development of analytical techniques, especially in mineralogy (Yang et al., 2009), geochemical elemental analysis (Rao et al., 2015), and isotope dating techniques (Dou et al., 2012), the number of provenance analysis methods has increased. However, isotope geochemical methods have high experimental costs and are complex, mineralogical methods are affected by hydrodynamics and diagenesis, and geochemical element methods are affected by grain size.

Sediment grain-size characterization is one of the important indicators of sedimentological characteristics (Lu and An, 1998; Sun et al., 2001; Li et al., 2010; Wang et al., 2021), and its use in exploring the depositional provenance and environment has become a hot topic in sedimentology (Sahu, 1964; Visher, 1969; Folk, 1971; Gao et al., 1994; Purkait, 2010). When compared with the traditional grain-size analysis method, grain-size EM analysis can more effectively utilize high-precision grain-size data, effectively decompose the sediment grain-size data into multiple EMs of different provenances, and further reveal the provenance and sedimentary dynamics (Sun et al., 2003; Zhu et al., 2020). However, most of the previous studies have been limited to the analysis of the transport range and influencing factors of marine surface sediments (Zhang et al., 2006; Xue et al., 2018), and there has been no systematic analysis of the changes in sediment provenance in the same sediment body over time. This study aimed to fill the research gap in understanding the temporal variations in sediment sources within the same depositional system using sediment grain size analysis. By employing an EM-based approach, this study investigated the sources and changes in sediment in the Jiangsu coastal tidal flats over a century-scale, and the sedimentary environmental information that was inferred from these changes was examined. The study quantitatively examined the contributions of the abandoned Yellow River, the Yangtze River, and the NJRSR to the sediment composition in the central Jiangsu tidal flats. The objective was to provide scientific references for the future development and utilization of the Jiangsu coastal tidal flats. Additionally, this study sheds light on the evolutionary processes, sediment dynamics, and the impacts of changes in the sediment sources on the depositional environment of the Jiangsu coastal tidal flats. This knowledge holds significant importance for future coastal tidal flat management, coastal engineering planning, and ecological conservation.




2 Materials and methods



2.1 Study area

The central coast of Jiangsu Province spans several hundred kilometers, encompassing cities such as Lianyungang, Yancheng, and Nantong. The coastal region exhibits diverse and complex geomorphology, including bays, estuaries, sandbars, tidal flats, and islands. Along the coast, there are a series of natural tidal flats and estuarine wetlands, such as the Spartina alterniflora marshes. The stems and leaves of Spartina alterniflora have a strong buffering effect on the water flow, which significantly reduces the velocity and sediment transport capacity, thus, capturing suspended sediment (Xu et al., 2009). The coastal area is influenced by several modern oceanic current systems, including the Shandong Coastal Current (SDCC), Yellow Sea Coastal Current (YSCC), diluted water from the Yangtze River (CDW), and the warm current of the Yellow Sea (YSWC). These currents contribute to the region’s strong tidal action and large tidal range (Meng, 2018). The area belongs to a subtropical monsoon climate, and it is significantly affected by extreme weather events such as storm surges throughout the year (Yang, 2017). Additionally, the central coast of Jiangsu possesses rich ecological resources, including coastal wetlands and bird habitats. These ecosystems play a vital role in maintaining the ecological balance of the coastal zone and protecting endangered species. Therefore, the central coast of Jiangsu is a geographically significant coastal region with diverse landforms and significant influences from the ocean and climate. It has abundant ecological resources and is affected by human economic activities, making it crucial for sustainable development and ecological conservation in the region.




2.2 Collection samples

Two cylindrical (core) samples (Sheyang [SY] and Dongtai [DT]) with lengths of 106 cm and 100 cm, respectively, were drilled from north to south using a portable gravity sampler on the tidal flats of the central muddy coast of Jiangsu during July–August 2018. The sampling locations are shown in Figure 1. The samples were sealed, refrigerated at a low temperature, and transported back to the laboratory, where the SY and DT core samples were divided into 2 cm-vertical pieces. The sampling tool was thoroughly cleaned with deionized water between each division to avoid contaminating the adjacent samples.




Figure 1 | Schematic map of the study area, including Dongtai (DT), Sheyang (SY), and the north Jiangsu radial sand ridges (NJRSR). The modern current systems within the study area are shown: Shandong Coastal Current (SDCC), Yellow Sea Coastal Current (YSCC), Changjiang Diluted Water (CDW), and the Yellow Sea Warm Current (YSWC).






2.3 Sample testing methods



2.3.1 Grain size of the sediment samples

Before the grain-size analysis, 15–20 mL of 30% H2O2 solution was added to remove the organic matter, and the samples were immersed in 10% HCl solution (10 mL) for 48 h to remove the calcium carbonate. The sediment grain size was then determined using a laser grain-size analyzer (the Mastersizer 2000 laser grain-size analyzer; Malvern Company, United Kingdom). The operation steps included weighing ~2.5 g (depending on the size of the sample particles) of the sediment sample in a 100 mL beaker with 20 mL sodium hexametaphosphate solution (0.5 mol/L) and stirring it well. The sodium hexametaphosphate solution was continually added to fill up the beaker, which was left to stand for 24 h before loading. The measurement range of the analyzer was 0.01–1000 μm, and the grain-size resolution was 0.01 μm. The relative error of the repeated measurements was less than 3%. The experiments were conducted at the Key Laboratory of the School of Marine Science and Engineering at Nanjing Normal University, China.




2.3.2 Radionuclide dating

The sediment radioactivity of 210Pb and 137Cs were measured using γ analytical methods. After collection, the samples were quickly dried, weighed, ground, put into test tubes, and sealed with wax. The GEM high-purity germanium detector, DSPEC-jr series digital spectrometer, and multi-channel analysis system (ORTEC) were used for the analysis. The excess ratio activity of 210Pb was obtained by subtracting the background value of 210Pb in the sediment from the measurement of 226Ra. The sample analysis was completed at the Institute of Geography and Lakes of the Chinese Academy of Sciences in Nanjing, China.





2.4 Data analysis methods



2.4.1 Grain-size EM analysis

Weltje (Weltje, 1997) proposed the concept of EM components based on the analysis of grain-size data. EM analysis can effectively decompose the sediment grain-size data into many EMs of specific and different provenances (Xue et al., 2018; Liu et al., 2021), aiding in the quantitative identification of the sediment provenance and the transport mechanism. This gives this method a clear advantage in the study of sediment provenance. According to the concept of EM components, the grain-size data   of sediment can be expressed as a combination of multiple EM components  :

 

Where   is the sediment grain-size matrix;   is the relative content matrix;   is the EM component matrix; and   ,   , and   are all one-dimensional matrices where the sum of the matrix elements is 100%. Since the samples are a mixture of dynamic components with a sum of 100%, the sediment grain-size matrix, relative content matrix, and EM component matrix in Eq. (1) are all compositional data.

Based on the above principle, this study analyzed the grain-size data using the Analysize-Masters software package that was provided by Paterson and Heslop (Paterson and Heslop, 2015) and runs in Matlab. The software includes both parametric and nonparametric methods and contains four types of parametric methods. Li et al. (Li et al., 2018) performed a comprehensive analysis and comparison of the parametric and nonparametric methods and concluded that the results that were obtained using the Weibull analysis option of the parametric methods were more desirable when the sedimentary dynamics were continuous and relatively stable. Given the complex hydrodynamic conditions and provenance characteristics of the central Jiangsu coast and the stability of the sedimentary dynamics and provenances, this study adopted the parametric Weibull distribution function for the analysis.




2.4.2 Sediment age determination

The sediment from the potential sediment sources is the primary contributor to 210Pb deposition. The provenance determines the amount of 210Pb that is deposited, and an increase in sediment leads to an increase in 210Pb. It was calculated using the following formula (Li and Gao, 2012):

 

where   is the specific activity (Bq/kg) of 210Pb at a mass depth of   in the sediment profile;   is the specific activity (Bq/kg) of 210Pb at a mass depth of   ; and   is the decay coefficient, which is 0.03114a; and   is time.






3 Results and analysis



3.1 Grain-size characteristics of the sediments

The sediment grain-size characteristics typically include the grain size distribution and mean grain size. As shown in Figure 2, both Sheyang and Dongtai were dominated by sand and silt, with a smaller clay content. Dongtai had a higher proportion of silt when compared with that of Sheyang, while Sheyang had a higher sand content. Over time, both regions had an increasing trend in the silt content and a decreasing trend in the sand content. The mean grain size reflected the sediment coarseness (Gao, 2015), which ranged from 8.84 to 60.90 μm in Sheyang, with a mean value of 38.39 μm, and ranged from 12.00 to 53.34 μm in Dongtai, with a mean value of 29.84 μm.




Figure 2 | Variation in sand-silt-clay content of SY and DT cores and Variation in average grain size of SY and DT cores.



The sand content in both of the core samples varied significantly with depth. As the depth decreased, the silt content in Sheyang (average of 63.20%) and Dongtai (average of 70.75%) showed an increasing trend, indicating that silt was the dominant sediment in the nearshore deposits. The variation in the mean grain size with depth (Figure 2), revealed a significant decreasing trend in the grain-size fluctuation with depth. In particular, at the depths of 60 cm in Dongtai and 56 cm in Sheyang, the variation in the mean grain size was more pronounced. The significant changes in the grain size with depth in the core samples suggest possible variations in the sediment sources.




3.2 Sedimentation rate analysis

Since the Sheyang sampling site was in the Spartina alterniflora marsh, the sedimentation rate variation was influenced by Spartina alterniflora. According to the profile structure, the sedimentation rate for 65–0 cm was 1.67 cm/a, and the sedimentation rate for 106–65 cm was 0.88 cm/a (Zhao et al., 2021). The depositional age of the Sheyang core samples ranged from 1942 to 2018.

The results of the 210Pb analysis showed that the maximum activity of the whole vertical profile was 155.8 Bq/kg, the minimum activity was 41 Bq/kg, and the average activity was 80.05 Bq/kg. In addition, at approximately 90 cm, the 210Pb activity value was consistent with the activity value of 226Ra and reached the background value. Based on the linear regression analysis, the Dongtai sediment deposition rate was 1.068 cm/a. The 137Cs test results showed that all the activity values were 0; thus, the sediment deposition rate could not be determined. Therefore, the results of the 210Pb activity calculations were used as the average deposition rate in this core sample. Consequently, the sediments were dated from 1918 to 2018 (Figure 3).




Figure 3 | Deposition rate of DT.






3.3 Sediment grain-size EM determination

When performing the EM modeling on the 53 samples from the Sheyang borehole and 50 samples from the Dongtai borehole, a smaller EM correlation (EM R2) was desirable to minimize the number of selected EMs while ensuring an angular deviation of less than five degrees and maximizing the linear correlation coefficient R2 (Xue et al., 2018). As shown in Figure 4, selecting five EMs for Sheyang was the most reasonable. When the number of Dongtai EMs was 3, the angular deviation was greater than 5; when the number of EMs was 4 or 5, the EM R2 was greater than that when the number of EMs was 6; and the linear correlation was maximized when the number of EMs was 6. Therefore, six EMs were chosen for the Dongtai analysis. The specific EMs that were obtained for each region can be seen in Table 1. An inverse analysis of the EMs was conducted on the grain-size data of the selected EMs of the various regions. The end-element fit and percentages are shown in Table 2. In terms of the decomposition of the EMs, the grain size of EM increased sequentially, while the clay content gradually decreased, and the sand content increased for each EM (Figure 5). Except for Sheyang EM 5, the sorting coefficient of the remaining regions’ EMs gradually decreased, indicating improved sorting. Except for EM 1 and Sheyang EM 5 all the other EMs were negatively skewed.




Figure 4 | Parameterized EM fitting and EM number selection for each Weibull profile.




Table 1 | Parameterized EM fitting properties for each region.




Table 2 | Characteristics of each EM of SY and DT cores.






Figure 5 | Percentage of sand-silt-clay content for each EM of SY and DT cores.






3.4 Determination of the potential provenance regions for each EM

The sediment grain-size characteristics are one of the most important indicators for understanding sedimentary environments and provenances. In this study, under the assumption of three potential sediment sources (the abandoned Yellow River, Yangtze River, and the NJRSR), the analyzed relevant grain-size distribution and mean grain-size of each EM were correlated with the relevant parameters of the provenance areas (Gao, 2015; Yang, 2017; Cao et al., 2021) using SPSS 20. The results of the analyses are shown in Table 3. For Sheyang, Ems 1-3 had strong correlations with the abandoned Yellow River sediments, EM 4 had a strong correlation with the Yangtze River and the NJRSR sediments, and EM 5 had a stronger correlation with the NJRSR sediments than with the other sediments. For Dongtai, EMs 2-4 had a strong correlation with the abandoned Yellow River sediments, EM 5 had a strong correlation with the Yangtze River sediments, and EM 6 had a stronger correlation with the Yangtze River and the NJRSR sediments than with the abandoned Yellow River sediments. However, the correlation between Dongtai EM 1 and the potential source regions was not determined.


Table 3 | Correlation of SY and DT EMs with sediment from the source area(Data from [dataset] [Gao, 2015; Yang, 2017; Cao et al., 2021)].



Further exploration of the relationships between each EM and the potential sediment sources was conducted based on a comparison between the correlation data of each EM of the two core samples from Sheyang and Dongtai and the sand-silt-clay content of the potential sediment source (Figure 6A). It was found that the data related to Dongtai EM 1 were closer to those of the abandoned Yellow River, while the potential source regions and correlation analysis of the other EMs yielded similar results. The sand content of each EM and potential sediment source varied the most (Figure 2), and the average grain size of the potential sediment sources and each EM varied significantly, which could indicate sediments from different provenances. Therefore, the ratio of the average grain size to the sand content was used as a correlation index to determine the potential sediment source (Figure 6B). The results were consistent with the results that were obtained from the two methods that were mentioned above, further indicating the correlation between Dongtai EM 1 and the sediment from the abandoned Yellow River. Therefore, the sediments in this area mainly originated from the abandoned Yellow River. However, none of the above methods could accurately distinguish the EMs from the Yangtze River and the NJRSR, and thus the contribution of the Yangtze River and the NJRSR to the two areas could not be confirmed. This may be because the sediments from the NJRSR were mainly derived from the ancient Yangtze River entering the sea (Fu and Zhu, 1986), and despite the grain-size data for the sediments from the NJRSR and Yangtze River being quite different, the particles that were deposited in the Spartina alterniflora marsh all had small grain-sizes. Therefore, distinguishing the two according to grain size was difficult.




Figure 6 | (A) Clay-Silt-Sand content diagram of SY, DT, and potential source areas. (B) Correlation diagram of sand-average Grain Size of SY, DT, and potential source areas (Data from [dataset] [Gao, 2015; Yang, 2017; Cao et al., 2021)].



Sheyang’s EMs 1-3 were derived from the abandoned Yellow River, EM 4 was derived from the Yangtze River and the NJRSR, and EM 5 was derived from the NJRSR. Additionally, Dongtai’s EMs 1-4 were all derived from the abandoned Yellow River, EM 5 was derived from the Yangtze River, and EM 6 was derived from the Yangtze River and the NJRSR.

On a century scale, the contribution of the abandoned Yellow River to sediment in the Sheyang region was approximately 73.91%, and it was approximately 70.55% in the Dongtai region. The contribution of the Yangtze River and the NJRSR to sediment in the Sheyang region was approximately 26.09%, and it was approximately 29.45% in the Dongtai region. Therefore, on a century scale, the abandoned Yellow River contributed approximately 72.23% of the sediment in the central muddy coast of Jiangsu, while the Yangtze River and the NJRSR contributed approximately 27.77% of the sediment.





4 Discussion



4.1 Primary factors influencing the sediment source changes

Figure 7 shows that over a century scale, the tidal flat sediment on the muddy coast of central Jiangsu Province was primarily derived from the abandoned Yellow River but it also included contributions from the Yangtze River and the NJRSR. This finding was consistent with previous studies (Gao, 2015; Yang, 2017; Cao et al., 2021). Over time, the proportion of sediment from the abandoned Yellow River gradually increased, while contributions from the Yangtze River and the NJRSR decreased. Significant changes in the two sediment sources were noted at a depth of 56 cm (1984) for the Sheyang core and 60 cm (1962) for the Dongtai core. The contributions from the Yangtze River and the NJRSR were significantly lower at these depths when compared with those between 106-56 cm and 100-60 cm.




Figure 7 | Variation in contribution amount from SY, and DT source areas with depth.



Over the past century, the hydrodynamics of the tidal flats along the coast of central Jiangsu Province have remained relatively stable. However, since 1950, intensified human activities in the Yangtze River Basin, particularly the construction of reservoirs, led to a decreasing trend in sediment discharge from the Yangtze River into the sea (Gao et al., 2018; Liu et al., 2021). The variations in the sediment quantity and source composition of the Yangtze River’s input material, which serves as a source for the sediment on the muddy coast of central Jiangsu Province, impact the sediment grain size and composition of the tidal flats (Gao et al., 2019). Consequently, there have been reduced contributions of Yangtze River sediment to the coast of central Jiangsu Province, which has affected the corresponding sediment records. The Dongtai core, which was more influenced by the Yangtze River, had a decrease in Yangtze River-derived sediment and a relative increase in abandoned Yellow River-derived sediment after approximately 1962. This is consistent with the decrease in the sediment discharge from the Yangtze River, indicating that the reduction in Yangtze River sediment was likely the direct cause of the changes in the sediment sources in the tidal flats of central and southern Jiangsu Province after 1962. Moreover, despite reduced sediment discharge from the Yangtze River, the abundant sediment supply from the abandoned Yellow River and the NJRSR contributed to the continued accretion of the tidal flats in central and southern Jiangsu Province during this period.

The decrease in the sediment discharge from the Yangtze River around 1962 did not significantly impact the Sheyang core, which was located in the northern part of central Jiangsu Province. This is mainly because the Sheyang core was situated north of the NJRSR, where the Yangtze River sediment supply is limited. However, around 1984, there was a noticeable change in the sediment sources in the northern part of the Sheyang core, which may be linked to the invasion of Spartina alterniflora. Introduced into the Sheyang area in the 1980s due to its wave-breaking and sediment-trapping effects, Spartina alterniflora created areas of weak current and facilitated fine particle deposition. This led to the formation of sediment with finer grains and a higher clay content without a significant change in the sediment sources. Therefore, the increase in sediment from the abandoned Yellow River that was observed in the Sheyang core around 1984 was not a reflection of a change in the sediment sources but rather because of finer sediment particles due to the accretion that was facilitated by Spartina alterniflora.

Another noteworthy issue along the coast of central Jiangsu Province was the ongoing southward migration of the NJRSR and the increasing erosion of the coastal areas, particularly with the decrease in sediment from the Yangtze River, the near depletion of the abandoned Yellow River delta, and the exacerbation of global changes and human activities. However, the central and southern parts of the coastal area in Jiangsu Province still experienced slight accretion. Considering these changes, the future sediment sources for the tidal flats on the muddy coast of central and southern Jiangsu Province may primarily involve alterations in the already existing sediments. Further research is needed to fully determine the applicability of the grain-size EMs method for quantitative analysis of sediment sources on this coast.




4.2 Challenges in distinguishing sediment from the Yangtze River and the NJRSR using grain-size EM analysis

The grain-size EMs analysis method may be unable to distinguish sediment sources, such as the Yangtze River and the NJRSR. The main reasons are as follows.

First, they had similar sediment grain-size characteristics. The sediment from the Yangtze River and the NJRSR had similarities in grain size. This was mainly because the NJRSR initially developed under the influence of a sediment supply from the Yangtze River and the Yellow River, which resulted in similar source characteristics (Fu and Zhu, 1986), such as the rock types and depositional environments. In such cases, relying solely on grain-size EMs analysis may not be sufficient to differentiate between different sediment sources.

Second, they may be difficult to distinguish due to the sedimentary environment and grain size variation. The NJRSR was continuously subjected to marine tidal currents and wave action during its formation and afterward, leading to coarsening of the surface sediments. This coarsening made the grain-size characteristics of the sediment more similar to those of the sediment of the Yangtze River. This made it challenging to quantitatively distinguish between the two sources using grain-size EMs analysis.

Third, the data were incomplete. Grain-size EMs analysis requires a large amount of sample data for accurate interpretation and comparison. The limited number of samples that were obtained in this study would have limited the precise differentiation of the sediment sources (Dietze and Dietze, 2019), such as the Yangtze River and the NJRSR.

To overcome these challenges, a multi-indicator comprehensive analysis should be considered. In addition to the grain-size EMs analysis, combining other geochemical indicators and isotope characteristics could enhance the identification capabilities of the sediment sources. Different sources may exhibit differences in chemical composition and isotopic composition, and comprehensive analysis could improve their differentiation. In conclusion, distinguishing sediment sources, such as the Yangtze River and the NJRSR, requires the comprehensive consideration of multiple methods and factors, and further research is needed to obtain more accurate results.




4.3 Applicability of grain-size EMs analysis in nearshore tidal flat sediment source studies

Grain-size EMs analysis is a method that is used to determine the contributions of different sediment sources in sediments by analyzing the grain-size distribution. In nearshore tidal flat sediment source studies, the grain-size EMs analysis method has some applicability, but several aspects need to be considered.

First, the source characteristics need to be considered. Nearshore tidal flat sediments may be influenced by multiple sources, including river input, terrestrial transport, settling of suspended sediment, and wind-wave action. Thus, when applying grain-size EMs analysis, it is necessary to have a thorough understanding of the potential sources and identify the possible EM types and characteristics (Dietze et al., 2012).

Second, the sample collection and analysis needs to be considered. To obtain reliable results, representative sampling points should be selected within the tidal flat area, and the sample collection and processing procedures should follow strict protocols to avoid potential contamination and sample distortion. For grain-size analysis, laser grain-sizers or sieving methods can be used.

Third, in terms of EM identification and interpretation, interpretation of the grain-size data is required to determine the possible EM types and relate them to the sediment sources in the tidal flat. This involves integrating geological background knowledge, geomorphological features, and source characteristics (Dietze and Dietze, 2019).

Fourth, in terms of statistical analysis and validation, statistical methods need to be employed to validate the results of grain-size EMs analysis. For example, Q-mode cluster analysis, principal component analysis, and other methods can be used to evaluate the similarities and differences between the different samples. Additionally, comparing the results with other indicators, such as the geochemical parameters and isotopic compositions, can further validate the findings of the grain-size EMs analysis.

The grain-size EMs analysis method also has certain limitations (Dietze et al., 2022). The quantified sediment source that is obtained through grain-size EM calculations can reflect the sediment source structure in the study area. However, in terms of the variations in the structure of the different sources, it may not necessarily represent the actual changes in the sources. Therefore, the potential causes of the source variations should be analyzed considering the coastal evolution, natural conditions, and human activities in the study area. In particular, vegetation succession and coastal engineering activities can lead to changes in the sediment characteristics without changes in the sediment sources. Due to the complexity and diversity of the sources and the influence of sedimentation processes and resuspension, there may be uncertainties in the results of grain-size EMs analysis. Therefore, when applying the grain-size EMs analysis method, it is necessary to consider other geological, geomorphological, and geochemical evidence to obtain a more comprehensive and reliable interpretation of the sediment sources.





5 Conclusion

This study used the grain-size EM analysis method to identify and quantify sediment cores from typical areas of the muddy coastal tidal flats in the central part of Jiangsu Province, namely Dongtai on the south side and Sheyang on the north side. The results were as follows:

	(1) Both Sheyang and Dongtai were primarily composed of sand and silt, with a lower clay content. The average grain size of Sheyang and Dongtai varied significantly with depth, showing a decreasing trend and reduced grain size fluctuations with decreasing depth. This change was particularly evident at 56 cm in Sheyang and 60 cm in Dongtai.

	(2) The average grain size of each EM in the sediment cores from Sheyang and Dongtai increased over time, while the clay content gradually decreased, and the content of silt and sand increased. The grain-size distribution curves of each EM exhibited an unimodal near-normal distribution. EMs 1-3 in Sheyang were derived from the abandoned Yellow River, EM 4 was derived from the Yangtze River and the NJRSR, and EM 5 was derived from the NJRSR. EMs 1-4 in Dongtai all originated from the abandoned Yellow River, EM 5 originated from the Yangtze River, and EM 6 originated from the Yangtze River and the NJRSR.

	(3) On a century scale, the sediment in Sheyang was composed of 73.91% from the abandoned Yellow River source and 26.09% from the Yangtze River and NJRSR sources. The sediment in Dongtai consisted of 70.55% from the abandoned Yellow River source and 29.45% from the Yangtze River and NJRSR sources. The average sediment contribution from the abandoned Yellow River and the Yangtze River and NJRSR to the mud-coast tidal flats in the central part of Jiangsu Province was 72.23% and 27.77%, respectively. Over time, the contribution of the abandoned Yellow River to the sediment in the mud-coast tidal flats showed an increasing trend. On a spatial scale, the contribution of the abandoned Yellow River decreased from north to south in the coastal tidal flats. The sediment characteristics and sources of the mud-coast tidal flats were influenced by factors such as the spread of Spartina alterniflora, sediment transport from the Yangtze River, and complex coastal hydrodynamic conditions. Due to similar grain-size characteristics and complex sedimentary environments, it was difficult to distinguish the sediments from the Yangtze River and the NJRSR using the grain-size EM analysis method.

	(4) The grain-size EM analysis method can effectively avoid the influence of grain-size effects and has shown good potential for source analysis of sediment cores. However, due to the complexity and diversity of the sources and the influence of sedimentation and resuspension processes, when applying the grain-size EM analysis method, other geological, geomorphological, and geochemical evidence should be considered in light of the coastal evolution, natural conditions, and human activities in the study area to obtain a more comprehensive and reliable interpretation of the sediment sources.
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