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Abstract

:

The Hanjiang River is the second-largest river in Guangdong Province, China. The modern sedimentation pattern of the Hanjiang subaqueous delta has been significantly affected by changes in the sediment delivered by the Hanjiang River. Based on multiperiod charts and columnar samples from the Hanjiang subaqueous delta, the influence of a sharp decrease in the sediment flux from the Hanjiang River on the deposition of the Hanjiang subaqueous delta in the past 60 years was studied through a combination of chart-based analysis of the evolution of erosion and deposition and the analysis of sediment samples. The results showed that the significant reductions in sediment fluxes from the Hanjiang River and Rongjiang River had obviously spatially differentiated effects on the deposition pattern of the Hanjiang subaqueous delta. The significant decreases in sediment fluxes from the Hanjiang River and the Rongjiang River caused the sediment grain size of the columnar samples in the near-estuary area of the Hanjiang River subaqueous delta to coarsen upward, the deposition rate to decrease, and the depositional state to change to an erosional state. Since the sediments discharged into the ocean after reservoir impoundment are mainly fine-grained suspended sediments, the supply of coarse-grained sediments in the Hanjiang subaqueous delta decreased, resulting in the upward fining of the columnar samples. The spatial response pattern of the Hanjiang subaqueous delta to the sharp decrease in sediment flux into the sea differed significantly from those of the Yangtze and Yellow subaqueous deltas.
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1. Introduction


With the rapid development of society and the economy, human activities in river basins and estuaries have intensified, and changes in the external environments of large river deltas are becoming increasingly complex. Studying the changes in river sediment flux into seawater and the responses of estuary deltas to them is needed not only in the fields of geology, geomorphology, hydrological engineering, and sediment dynamics but also for social and economic development. The effects of water storage and sediment retention in large reservoirs in basins have caused a continuous reduction in the sediment input of rivers to the sea, and the insufficient sediment supply has caused erosion crises in river deltas [1,2,3,4,5,6,7,8]. Nienhuis et al. (2020) analyzed the evolution process of 11,000 global delta landforms and concluded that the erosion and retreat of deltas are constrained by a variety of factors. In addition to the influence of sea level rise, changes in the sediment flux into the sea caused by deforestation and dam construction are important factors affecting the evolution of delta deposition [9]. The most important impact of dam construction in the middle and upper reaches of the river is the interception of a large amount of sediment that would otherwise enter the sea. Thus, the sediment supplies of deltas have decreased, and the deposition rates have been significantly affected.



The changes in underwater delta deposition are mainly reflected in the transformation of underwater delta erosion and deposition, changes in the deposition rate, and changes in the sediment particle size. The key factor affecting the erosion crises of large river deltas is the sharp reduction in the sediment flux into the sea [2,10]. In previous studies, it was found that the significant reduction in the sediment flux from rivers into the sea had an important impact on the evolution of the underwater delta topography, and this impact reduced the deposition rate of the underwater deltas or changed the delta from a depositional state to an erosional/alluvial deposition equilibrium state. Gao et al. (2019) calculated the deposition rates of six columnar samples (collected in 2014–2015) from the Yangtze underwater delta based on 210Pb dating and found that the Yangtze underwater delta experienced a transition from rapid deposition to slow deposition [11].



In recent years, the changes in the sediments delivered by the Hanjiang River into the sea and the sedimentation pattern of the Hanjiang underwater delta have gradually attracted the attention of scholars. Yang Chuanxun et al. (2017) analyzed the hydrological data of Chao’an Station from 1955 to 2012 and concluded that since 2000, the construction of many hydropower stations and the increase in land vegetation coverage have led to a significant decrease in sediment discharge from the Hanjiang River to the sea. Moreover, the main reason for the reduction in sand flux was investigated [12]. Zhao Lan (2019) used the MK test to analyze water and sediment data from 1955 to 2016, and the results showed that the sediment load changed abruptly in 1998 [13]. Zhang Yupo (2016), based on the analysis of the various characteristics of the sediment load at Chao’an Station from 1951 to 2011, concluded that the sudden change point was in 2001, and the main reason for the sudden change was that after the 1990s, the construction of multiple upstream cascade power stations, reservoirs, and junctions intercepted some sediment [14]. From the 1950s to the 1980s, several small hydropower stations were built in the upper reaches of the Hanjiang River, and since the 1990s, large hydropower stations have been built. The Qingxi Hydropower Station, completed in 1997, has a total installed capacity of 144 MW and a total storage capacity of 75 million m3. The Mianhuatan Hydropower Station, constructed from 1998 to 2003, has a total installed capacity of 600 MW and a total storage capacity of 2.035 billion m3. Wang Yufei (2022) studied the changes in the sediment flux entering the sea from the Hanjiang River and its impact on the adjacent sea areas over the past 60 years. The results of the study showed that there was no significant change in the runoff of the Hanjiang River into the sea, whereas the sediment flux into the sea showed a significant decreasing trend [15]. The large-scale hydropower stations (Qingxi and Mianhuatan hydropower stations) in the Hanjiang River Basin are the main factors causing the significant reduction in the sediment flux into the sea. The years in which notable changes occurred identified by the above studies are not very different, and the difference may be caused by the inconsistencies in the starting and ending years of the hydrological data. When analyzing the driving factors of the sudden change in sediment discharge at Chao’an Station, the above studies suggested that the construction of many reservoirs and the increase in vegetation coverage (water and soil conservation) were the main influencing factors. Zhang Jiahao et al. (2020) compared the nautical charts of the sea area near Hanjiangkoumen in 1971, 2010, and 2016 and analyzed the topographical evolution of the sea area from 1971 to 2016. They found that there was a slight siltation trend from 1971 to 2016 [16]. The slight siltation trend was similar to the slight erosion trend from 2010 to 2016.



It can be seen from previous studies that there is relatively little understanding of the erosion and deposition, deposition rate, and sediment particle size change of the Hanjiang subaqueous delta. Therefore, this study focused on the Hanjiang underwater delta and used a combination of chart-based erosion and sedimentation evolution analysis and sediment sample analysis to reveal the impact of Hanjiang inflowing sediment changes on Hanjiang underwater delta deposition.




2. Materials and Methods


2.1. Research Materials


The materials used in this paper can be divided into two main parts: (1) the nautical chart data of the waterway outside Shantou Port in the Hanjiang underwater delta in the past 40 years; and (2) ten column samples from the Hanjiang underwater delta.



The chart depth data came from the Navigation Assurance Department of the Naval Command of the Chinese People’s Liberation Army and the Hydrographic Bureau of the Chinese People’s Liberation Army. The scale was 1:15,000 to 1:25,000 (Table 1). The support projection method and the WGS 1984 coordinate system were used. The areas of charts 15,112 and 15,113 were the outer channels of Shantou Port (15,112 and 15,113 are charts of different periods in the same sea area, and the distribution area is shown in the shaded area in Figure 1).



Among them, four nautical charts of the Shantou Port Outer Channel (Map Nos. 15,112 and 15,113) were published in 1984, 1993, 2013, and 2018, and the actual survey years for most of the areas were 1980, 1989, 2012, and 2016. The numbers of water depth points were 1583, 1784, 1692, and 2349, respectively.



In August 2020 and July 2021, under the organization of the project “Comprehensive Geological Survey of Chaoshan Coastal Zone” carried out by the Haikou Marine Geological Survey Center of the China Geological Survey, 10 columnar samples were collected in the Hanjiang Estuary and coastal waters (Figure 1), and four of them were selected for 210Pb dating and grain size analysis. The instrument used for columnar sample collection was a shallow sea gravity sampler, and the maximum working water depth was 50 m. The sampling diameter was 70 mm.




2.2. Research Methods


2.2.1. Calculation of the Erosion and Deposition Evolution of the Underwater Delta


First, the chart was geographically registered and digitized. Second, the water depth point interpolation was carried out. According to the water depth data for each period, kriging interpolation was carried out by using the spatial analysis (3D Analyst) function to establish an elevation model. Finally, according to the kriging interpolation results, erosion and deposition analysis were carried out in 3D Analyst and Spatial Analyst. The erosion and deposition volume, erosion, and deposition rate, etc., were determined, and the calculated results and graphics were produced and output.



When calculating erosion and deposition, the average water depth of the previous period was subtracted from the average water depth of the later period in each grid area to obtain the erosional or depositional thickness of the area (a positive value indicated deposition, and a negative value indicated erosion). The erosion and deposition volume of the entire area was calculated by adding up the deposition volume and then dividing it by the total area and the time interval (years) to obtain the annual average erosion and deposition rate of the area.




2.2.2. 210Pb Dating of Columnar Samples


The deposition rate measured by 210Pb dating can objectively reflect the trend of deposition. The data processing methods for 210Pb included a constant initial concentration mode and a constant replenishment rate mode. The constant initial concentration mode (CIC) was selected for this treatment. The calculation formula for the CIC mode is:


S = λ D/ln(A0/Ax) (3.10)








where S is the average deposition rate, cm/a; λ is the decay constant of 210Pb, λ = 0.031/a; D is the deposition depth, cm; A0 is the specific activity of the surface sediment, dpm/g; and Ax is the specific activity of the sediment at depth x, dpm/g.



In this paper, the average deposition rate of the entire columnar sample was first calculated according to the CIC model, and then the columnar sample was divided into upper and lower sections according to the horizons where the particle size of the columnar sample changed significantly. The average deposition rate of the upper section was also calculated according to the CIC model. The variation trend of the underwater delta deposition rate could be obtained from the change in the deposition rate of the whole section.




2.2.3. Particle Size Analysis


This test used a laser particle size analyzer at the Geological Survey Experiment Center of the China University of Geosciences (Wuhan) Institute of Geological Survey. The instrument model was the Mastersizer-3000 laser particle size analyzer, produced by Malvern, UK. The instrument measurement range was 0.01–3500 μm, and the measurement accuracy and repeatability exceeded 0.5%.



The Folk classification scheme for marine sediments was adopted for the classification and naming of surface sediments. The Udden-Wentworth grade scale was used as the standard grain size of the borehole sediments, and it was used to calculate the limit and classification of the Udden-Wentworth scale and the average particle size (Mz), sorting coefficient (σ), skewness (SK), and kurtosis (KG).






3. Results


3.1. Underwater Delta Erosion and Deposition Evolution


By digitizing and comparing the four seaway charts outside Shantou Port, the overall erosion and deposition results (Table 2) and the spatial distribution maps of erosion and deposition in the region in different periods (Figure 2) were obtained.



From 1980 to 1989, the channel outside Shantou Port was in a state of accumulation, with a net deposition volume of 1.24 × 107 m³ and a deposition area and an erosion area of 7.40 × 107 m2 and 3.81 × 107 m2, respectively; thus, the deposition area accounted for 66% of the total area. The average deposition thickness during this period was 0.11 m, and the average deposition rate was 1.23 cm/a. The erosion and deposition distribution is shown in Figure 2a. Ninety-nine percent of the study area had an erosion and deposition range within two meters, and there was no obvious deposition and erosion center. At 116°50′4″ E and 23°18′29″ N, the deposition amplitude was the largest, the deposition thickness at the center was 5.5 m, and the deposition rate was 61.4 cm/a. At 116°48′30″ E and 23°14′24″ N, the erosion amplitude was the largest, the erosion thickness at the center reached 6.3 m, and the deposition rate was −70.0 cm/a. From 1980 to 1989, the average annual sediment flux of the Hanjiang River into the sea was 8.431 million t, and the average annual sediment flux of the Rongjiang River into the sea was 515,000 t (Table 3, Figure 3).



From 1989 to 2012, the overall waterway outside Shantou Port was in a state of slight erosion, with a net erosion volume of 0.40 × 107 m3, and the deposition area and erosion area were 5.83 × 107 m2 and 5.38 × 107 m2, respectively. The deposition area and erosion area were roughly equal. During this period, the average erosion thickness was 0.04 m, and the average deposition rate was −0.15 cm/a. The erosion and deposition situation is shown in Figure 2b. Ninety-four percent of this area had an erosion and deposition range within two meters, and there was no obvious deposition and erosion center. At 116°48′31″ E and 23°14′24″ N, the deposition amplitude was the largest, the deposition thickness at the center was 9.1 m, and the average deposition rate was 39.7 cm/a. At 116°48′14″ E and 23°20′11″ N, the erosion amplitude was the largest, the erosion thickness at the center was 7.9 m, and the average deposition rate was −34.2 cm/a. From 1989 to 2012, the average annual sediment flux into the sea from the Hanjiang River was 3.844 million t, a 54.4% decrease compared with that in 1980–1989. The average annual sediment flux into the sea from the Rongjiang River was 363,000 t, a 29.5% decrease compared with that in 1980–1989 (Table 3). During this period, the significant reduction in the sediment fluxes from the Hanjiang and Rongjiang Rivers into the sea was the main reason for the transition of the outer channel of Shantou Port from deposition (1980–1989) to a balance between erosion and deposition (1989–2012).



From 2012 to 2016, the Shantou Port Outer Channel was in the erosion period, with a net erosion volume of 4.14 × 107 m3 and deposition and erosion areas of 2.04 × 107 m2 and 9.15 × 107 m2, respectively. The erosion area accounted for 82% of the total area. During this period, the average erosion in this area was 0.37 m, and the average deposition rate was −9.24 cm/a. The erosion and deposition situation in this area is shown in Figure 2c. The deposition amplitude was the largest at 116°48′31″ E and 23°14′24″ N; the deposition thickness at the center was 6.3 m; and the average deposition rate was 156.9 cm/a. The erosion area was mainly distributed on the north side of the study area. The erosion amplitude was the largest at 116°45′37″ E and 23°19′15″ N; the erosion thickness at the center was 8.0 m; and the average deposition rate was −201.0 cm/a. From 2012 to 2016, the average sediment flux into the sea from the Hanjiang River was 2.257 million t, a 41.3% decrease compared with that from 1989 to 2012. The average annual sediment flux into the sea from the Rongjiang River was 269,000 t, a 25.9% decrease compared with that from 1989–2012 (Table 3). During this period, the continuous reduction in the sediment fluxes from the Hanjiang and Rongjiang Rivers into the sea was the main reason for the change in the external waterway of Shantou Port from erosion and deposition balance (1989–2012) to erosion (2012–2016).



The waterway area outside Shantou Port in the Hanjiang underwater delta was in a slight erosional state from 1980 to 2016 (Figure 2d, Table 2), with an annual average deposition rate of −0.71 cm/a. The average deposition rates of the three periods from 1980 to 1989, 1989 to 2012, and 2012 to 2016 were 1.23 cm/a, −0.15 cm/a, and −9.24 cm/a, respectively, which were indicative of the study area during the study period. Overall, the area was characterized by a pattern of deposition first and then erosion, which is positively correlated with the significant reduction in the sediment fluxes from the Hanjiang and Rongjiang Rivers entering the sea during the same periods (Table 3, Figure 3).




3.2. 210Pb Dating Results for Columnar Samples


To study the effect of changes in the sediment flux into the sea on the change in the deposition rate of the underwater delta, the 210Pbex specific activities of the four column samples of the underwater delta were calculated, and the average deposition rates of the column samples were obtained (Table 4).



A change in the particle size composition leads to a change in the average particle size of the sediment, and such a change indicates that the dynamic depositional environment of the sediment may have changed. Therefore, where the particle size changes significantly, the deposition rate may have changed [11]. Based on the change in particle size, the columnar samples were divided into upper and lower sections. The average deposition rate of the whole section, the average rate of the upper section, and the decrease in the deposition rate were calculated according to the CIC model (Table 4, Figure 4). The average whole-section deposition rates of the four columns are higher than those of the upper sections, and the deposition rates of ZZY04 and ZZY55 decrease the most obviously. According to the erosion and deposition data from the charts, the average deposition rate of the columnar sample ZZY07 station in different stages was calculated. According to the results, the erosion and deposition amplitude at this location was less than 0.2 m, indicating that the water depth change at this location could be ignored. Therefore, it was judged that the ZZY07 station was in a state of erosion and deposition equilibrium during this period (Table 4).




3.3. Particle Size Analysis


The results of the grain size analysis of the columnar samples showed that the sediment grain size composition of ZZY51 was relatively simple, mainly clayey silt, and there were several layers of sandy silty clay (14 cm and 86 cm) and sandy silt (6 cm). The vertical average particle size range is 12.8–51.9 μm, with an average of 25.0 μm. The vertical median particle size range is 6.4–23.1 μm, with an average of 10.9 μm. Columnar sample ZZY51 coarsens above a depth of 42 cm (Table 5 and Table 6). The average particle size and median particle size of ZZY52 (Table 5 and Table 6) and ZZY55 (Table 5 and Table 6) have similar vertical variation characteristics.



The sediment grain size composition of columnar sample ZZY03 is relatively simple, mainly sandy silt, with silt (12 cm, 30 cm, and 36 cm) and clayey silt (18 cm, 24 cm) in a few layers (Table 5). The particle size of the columnar sample ZZY03 has a decreasing upward trend at a depth of 42 cm (Table 6). The average particle size and median particle size of columnar samples ZZY07, ZZY54, and ZZY04 have vertical variation characteristics similar to those of ZZY03.



The results of the grain size analysis of the columnar samples show that the sediment grain size composition of ZZY01 is also relatively simple, being mainly sandy silt from 0–156 cm with a few layers of silty sand at 156–192 cm. The sorting coefficient decreases slightly from bottom to top, and the sorting degree increases slightly. Skewness and kurtosis also show similar changes in the vertical direction. There is no discernible vertical change in the particle size in columnar sample ZZY01.





4. Discussion


4.1. Effect of the Sediment Flux of the Hanjiang River on Erosion and Deposition in the Subaqueous Delta


The deposition thickness of columnar sample ZZY07 in 1980–1989 was 0.38 m, and the average deposition rate was 4.22 cm/a; from 1989 to 2012, the deposition thickness was 0.31 m, and the average sedimentation rate was 1.36 cm/a; and from 2012 to 2016, the erosion thickness was 0.11 m, and the average sedimentation rate was −2.75 cm/a, but the chart bathymetric measurement error was ±0.2 m, and the erosion and deposition amplitude at this location was less than 0.2 m, indicating that the water depth change at this location could be ignored. Therefore, ZZY07 was in an erosion and deposition equilibrium state during this period. ZZY07 was in a slightly depositional state from 1980 to 1989 and from 1989 to 2012, and was in a state of erosion and deposition balance from 2012 to 2016. From 1980 to 2016, a total of 0.69 m was deposited, and the average deposition rate was 1.92 cm/a. Although the channel outside Shantou Port showed a pattern of initial deposition followed by erosion during the period 1980–2016, at the local position of ZZY07, the pattern changed from depositional during 1980–2012 to an erosion–deposition balance state during 2012–2016 (Table 2).



The effect of river sediment fluxes into the sea on changes in erosion and deposition on underwater delta topography has similar manifestations in many regions. In the Mississippi River in the 1950s, for instance, the sediment flux into the sea decreased by approximately 50%, and the deposition volume of the underwater delta decreased from 317 ± 54 Mt/a during 1874–1940 to 145 ± 25 Mt/a during 1940–1979 and further decreased after 1979 to 87 ± 15 Mt/a in 2005 [17]. The sediment flux from the Yangtze River into the sea decreased from 470 million t/a during 1958–1977 to 390 million t/a during 1977–2000 and continued to drop to 210 million t/a during 2000–2007. The average erosion and deposition rate changed from 6.8 cm/a during 1958–1977 to 3.2 cm/a during 1977–2000 to −2.3 cm/a during 2000–2007 [18]. The sediment flux of the Yellow River into the sea has decreased. The erosion and deposition evolution of the current estuary can be divided into four stages: 1996–2002 medium-speed deposition stage, 2002–2007 rapid deposition stage, 2007–2015 slow deposition stage, and 2015–2016 rapid erosion stage [19]. In the 1980s, the sediment flux from the Pearl River into the sea was 2754.5 kg/s and decreased to 2386.8 kg/s in the 1990s and to 1143.8 kg/s from 2000 to 2010. From 1974 to 1985, the deposition volume of West Beach in the Lingdingyang Estuary Delta was 3.63 × 106 m3; from 1985 to 1999, the erosion volume of West Beach was 425.9 × 106 m3; and from 1999 to 2011, the erosion volume of West Beach was 122.11 × 106 m3 (Table 7) [20]. The researchers above believe that the significant reduction in sediment flux into the sea has an important impact on the evolution of underwater delta topography, such as the transition from the deposition state to the erosion-deposition equilibrium state or the reduction in the deposition rate of the underwater delta, which is consistent with the results of this paper. The research results of the sediment flux into the sea from the Hanjiang River and the evolution of the erosion and deposition of the Hanjiang underwater delta are consistent.




4.2. The Effect of the Sharp Decrease in the Sediment Flux from the Hanjiang River into the Sea on the Deposition Rate


The significant reduction in the sediment flux into the sea had a significant impact on the deposition rates at the ZZY51, ZZY55, and ZZY04 sites but had a lesser effect on the deposition rates at the ZZY01 site (Table 4). The significant reduction in the sediment flux into the sea from the Hanjiang and Rongjiang Rivers generally reduced the deposition rate of the underwater delta. In the area close to the estuary, the changes in the deposition rates of the columnar samples ZZY51, ZZY55, and ZZY04 were more pronounced than those farther from the estuary (ZZY01) (Figure 5).



In other areas, previous studies have performed similar analyses and found that the change in sediment flux into the sea has a certain influence on the deposition rate in the lower delta. The average deposition rate of the columnar samples collected in the Yangtze underwater delta during 2014–2015 ranged from 0.38 to 1.34 cm/a, which was significantly lower than the average deposition rate of the columnar samples collected in 2003 in this area (3–5 cm/a). This means that the Yangtze underwater delta has experienced a transition from rapid deposition to erosion. Compared with the sedimentation rate of the columnar samples collected in the area before 2003, the sedimentation rate of the columnar samples collected in the Zhejiang-Fujian coastal muddy area from 2014 to 2015 was only slightly lower, indicating that after 2003, the deposition rate in the area decreased slightly and the depositional environment remained stable. The material comprising the underwater delta of the Yangtze River mainly comes from the river itself. The low sand supply caused by the interception of sediment by the Three Gorges Dam has changed the erosion and deposition state of the underwater delta of the Yangtze River. The sediment eroded from the underwater delta of the Yangtze River partially makes up for the low sediment supply in the muddy areas along the coasts of Zhejiang and Fujian, so the delta still exhibits a relatively stable depositional environment. With further sediment reduction in the underwater delta of the Yangtze River, the deposition rate of the muddy areas along the coasts of Zhejiang and Fujian will gradually decrease and eventually suffer from erosion [11]. During the 1960s–1980s, the sediment flux into the sea from the Minjiang River Basin increased significantly, and the average deposition rate of the Minjiang underwater predelta increased from 0.67 cm/a during 1954–1963 to 1.04 cm/a during 1963–1986. Afterward, the sediment flux into the sea from the Minjiang River Basin dropped sharply. Since 2001, the sediment flux into the sea from the Minjiang River has been only 34% of that before the 1980s, resulting in an average deposition rate of 0.46 cm/a in this area, which was only 44% during 1963–1986. The sedimentation rates of underwater deltas are positively correlated with the change in sediment flux into the sea, and the sedimentation pattern of underwater deltas responds promptly to the change in sediment flux into the sea [21]. Previous studies have also found that there are spatial differences in the impact of sharp reductions in the sediment flux into the sea on the deposition rate of underwater deltas [11,21].




4.3. The Effect of the Sharp Decrease in the Sediment Flux from the Hanjiang River into the Sea on the Sediment Particle Size


According to the particle size analysis results from the columnar samples, the upper part of the columnar samples ZZY51, ZZY52, and ZZY55 near the estuary of the Hanjiang River became coarser (Table 6), the upper part of the columnar samples ZZY03, ZZY07, ZZY54, and ZZY04 far from the Hanjiang estuary became finer (Table 6), and the particle sizes of the columnar samples ZZY01, ZZY05, and ZZY57 at the far estuary end exhibited no significant change in the vertical direction (Figure 6).



In other areas, previous studies have investigated the causes of sediment coarsening. The average median particle size of sediment surface samples from the Yangtze underwater delta coarsened from 8.0 µm in 1982 to 15.4 µm in 2012. The main reason was that dam construction led to a sharp decrease in the sediment flux into the sea, and the underwater delta shifted from deposition to erosion [22]. Sediment coarsening of active delta lobes in the Yellow River Delta began in the 1990s and became more pronounced (from 17.7 μm to 22.9 μm) in the early 2000s. Reservoir construction and water and soil conservation measures in the watershed increased the proportion of mud delivered by the Yellow River to the sea [23]. In the 1990s, the sediment flux into the sea from the Hanjiang River began to decrease sharply, and the area near the estuary changed from deposition to erosion, resulting in the coarsening of the upper part of the columnar samples (ZZY51, ZZY52, and ZZY55) near the estuary.



The frequency curve for the particle size from columnar sample ZZY04 (below 84 cm) shows a bimodal distribution. Although the peaks of the finer components are dominant, the peaks representing the coarser components are also more significant (Figure 7). However, since the 1950s (above 84 cm), the frequency curve has generally shifted toward a unimodal distribution, with peaks representing finer components (Figure 7). The frequency curve of the ZZY03 particle size below 42 cm has a similar bimodal shape to that of ZZY04 (below 84 cm) (Figure 8). The frequency curve above 42 cm generally features a unimodal distribution, and the peaks represent finer components (Figure 8). The frequency curve of the particle size of ZZY07 below 12 cm shows a bimodal distribution (Figure 9), and the frequency curve above 12 cm generally features a unimodal distribution (Figure 9, Table 3). In 2003, the depositional location was 12 cm, and 2003 was also the time at which this location changed from deposition to an erosion-deposition balance.



At the end of the last century, numerous hydropower stations and reservoirs were constructed in the upper reaches of the Hanjiang River, and these structures began to intercept a large amount of sediment that otherwise would have entered the sea. Notably, a large amount of coarse-grained sediment has been retained in the reservoirs, and the sediment that is discharged into the ocean from the reservoirs is mainly fine-grained suspended sediment. Therefore, the sources of coarse-grained sediment in the underwater delta of the Hanjiang River have been reduced, resulting in the sources being at a relatively large distance from the estuary. The far columnar samples exhibit a pattern of fining upward (ZZY03, ZZY07, ZZY54, and ZZY04). Wang et al. (2020) believed that a large amount of coarse-grained sediment remained in a reservoir after a dam was built, and the sediment that was discharged into the ocean after the reservoir was impounded was mainly fine-grained sediments, which has led to the presence of fine-grained sediments since the mid-1980s [21].



In addition, although the significant reduction in sediment flux from the Hanjiang and Rongjiang Rivers into the sea resulted in an insufficient sediment supply and erosion in the underwater delta area near the estuary, the sediments produced by erosion became a new source, compensating for the sediment flux reduction to a certain extent. The insufficient sediment supply at the far estuary end makes the vertical variation in particle size less obvious than at the near estuary end [11,24]. Thus, the particle size pattern of the columnar samples from the estuary has no significant change in the vertical direction.



The spatial response pattern of the Hanjiang underwater delta to the sharp reduction in sediment flux into the sea is not quite the same as that of the Yangtze underwater delta and the Yellow River underwater delta. The sediments flowing into the sea from the Yangtze River are mainly deposited in the underwater delta of the Yangtze River and the muddy areas along the Zhejiang and Fujian coasts [25]. The sediment from the Yangtze River entering the sea is the main source of sediment for the Yangtze underwater delta. The lack of sand caused by the interception of sediment by the Three Gorges Dam has caused a change in the erosion and deposition state of the Yangtze underwater delta. The threshold of sediment flux into the sea from the Yangtze River is 270 Mt/a. When the sediment flux into the sea drops below 270 Mt/a, the underwater delta of the Yangtze River changes from a depositional state to an erosional state [18]. The sediment eroded from the underwater delta of the Yangtze River partially makes up for the low sediment supply in the muddy areas along the coasts of Zhejiang and Fujian, so a relatively stable depositional environment is maintained. However, with the further reduction in sediment in the underwater delta of the Yangtze River, the deposition rate of the muddy zone along the Zhejiang-Fujian coast will gradually decrease and eventually suffer from erosion [11]. This shows that the sharp reduction in the sediment flux from the Yangtze River into the sea affects the deposition of the Yangtze underwater delta in the short term, causing the erosion and deposition state transition of the Yangtze underwater delta. However, the impact on the muddy areas along the coasts of Zhejiang and Fujian has hysteresis. Due to the frequency of diversions from the Yellow River [26] and the sharp reduction in sediment flux into the sea, the deposition of the current estuary underwater delta has slowed [27], and the underwater delta of the abandoned estuary has undergone erosion [28]. The sediment flux (0.84 Gt/a) from the Yellow River into the sea from 1976 to 1981 was more than twice the sediment flux threshold (~0.35 Gt/a) needed to maintain the balance of erosion and deposition, which was conducive to the rapid deposition of the Yellow River underwater delta. From 1981 to 1996, engineering-induced increases in river runoff and median suspended sediment particle size resulted in a decrease in the sediment flux threshold to 0.29 Gt/a. Since the sediment flux of the Yellow River into the sea is 0.55 Gt/a, the underwater delta is still receiving sediments at a rate of 11.9 km2/a. From 1996 to 2002, the sediment flux threshold dropped further to 0.15 Gt/a, and the delta suffered from net erosion due to the insufficient sediment supply (0.11 Gt/a). From 2002 to 2013, the adjustment of the dam led to intense erosion of the downstream channel, which resulted in the delivery of coarser sediment to the sea, effectively reducing the sediment flux threshold to 0.06 Gt/a, which was much lower than the sediment flux into the sea (~0.16 Gt/a). The underwater delta of the Yellow River entered a slight deposition stage [27]. This result shows that both the current estuary underwater delta and the abandoned estuary underwater delta of the Yellow River exhibited a timely response to the sharp decrease in sediment flux into the sea.



Compared with the underwater delta of the Yangtze River and the underwater delta of the Yellow River, the area near the estuary of the underwater delta of the Hanjiang River, such as the area where the columnar samples ZZY51, ZZY52, and ZZY55 were collected, changed from a deposition state to an erosion state due to the sharp reduction in the sediment flux into the sea. In the areas farther from the estuary, the coarse particles of the columnar sediments were reduced due to the interception of coarse-grained sediment by the reservoir, which may have resulted in a change from a deposition state to an erosion-deposition equilibrium state, such as for ZZY07. Erosion occurs in the underwater delta area near the estuary, and the sediment produced by the erosion becomes a new sediment source, which makes up for the low sediment supply in the far estuary to a certain extent, causing the sediments of the underwater delta far from the estuary (ZZY01, ZZY05, and ZZY57) to be very important. The response to the sharp decrease in sediment flux into the sea is not clear. However, compared with large underwater deltas, this study could collect only limited information from charts and columnar samples and could only preliminarily delineate the spatial range where the sharp decrease in sediment flux into and out of the sea had different effects on underwater deltas.





5. Conclusions


This paper uses a combination of chart-based analysis of erosion and sedimentation evolution and sediment sample analysis to study the effect of the Hanjiang and Rongjiang Rivers on the sedimentation pattern of the Hanjiang underwater delta. The following conclusions are drawn:




	(1)

	
The significant reduction in sediment fluxes from the Hanjiang and Rongjiang Rivers into the sea led to the transformation of the underwater delta area in the outer channel of Shantou Port from a depositional state in 1980–1989 to an erosional state in 1989–2016, which was positively correlated with the significant reduction in the sediment fluxes from the Hanjiang and Rongjiang Rivers into the sea.




	(2)

	
The significant reduction in the sediment flux into the sea from the Hanjiang River generally reduced the deposition rate of the underwater delta. In the area close to the estuary, the change in the deposition rate of the columnar samples (ZZY51, ZZY55, and ZZY04) is more distinct than that far from the estuary (ZZY01).




	(3)

	
The significant reduction in the sediment flux into the sea from the Hanjiang River led to a transformation from deposition to erosion of the underwater delta area near the estuary.
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Figure 1. Map of columnar sample sites and chart areas in the study area. 
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Figure 2. Erosion and deposition situations of the Shantou port outer waterway in different periods. (Thickness of erosion and siltation (m)). 
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Figure 3. Variation in sediment fluxes into the sea from the Hanjiang and Rongjiang Rivers and the average deposition rate of the channel outside Shantou Port. 
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Figure 4. Variation curves of the specific activity of 210Pbex with depth in ZZY51, ZZY55, ZZY04, and ZZY01. 
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Figure 5. Distribution map of sedimentation rate variation in Hanjiang underwater delta columnar samples. 
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Figure 6. Vertical characteristics of the particle sizes of columnar samples from the Hanjiang underwater delta. 
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Figure 7. Particle size frequency curve of the ZZY04 columnar sample (left: 84–198 cm; right: 0–78 cm). 
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Figure 8. Particle size frequency curve of the ZZY03 columnar sample (left: 42–174 cm; right: 0–36 cm). 
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Figure 9. Particle size frequency curve of the ZZY07 columnar sample (left: 36–198 cm; right: 0–30 cm). 
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Table 1. Chart information.






Table 1. Chart information.





	
Serial Number

	
Sheet Number

	
Year of Publication

	
Year of Measurement

	
Name of Chart

	
Scale

	
Number of Water Depth Points

	
Measuring Unit






	
1

	
15,112

	
1984

	
1979 and 1980 1971 and 1966

	
Shantou Port

	
1:15,000

	
1583

	
Chinese People‘s Liberation Army Naval Command Navigation Guarantee Department




	
2

	
15,112

	
1993

	
1989 and 1966

	
Shantou Port

	
1:15,000

	
1784




	
3

	
15,113

	
2013

	
2012 and 2013

	
Shantou Port Outer Channel

	
1:15,000

	
1692




	
4

	
15,113

	
2018

	
2016 and 2017

	
Shantou Port Outer Channel

	
1:15,000

	
2349

	
Chinese People‘s Liberation Army Naval Command Navigation Guarantee Department
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Table 2. Calculated results of erosion and deposition in the Shantou Port Outer Channel in different periods.
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	1980–2016
	1980–1989
	1989–2012
	2012–2016





	Period length (a)
	36
	9
	23
	4



	Total area (107 m2)
	11.14
	11.22
	11.22
	11.19



	Sedimentation area (107 m2)
	5.10
	7.40
	5.83
	2.04



	Sedimentation volume (107 m3)
	3.44
	2.18
	3.24
	0.79



	Sedimentation thickness (m)
	0.68
	0.29
	0.55
	0.39



	Erosion area (107 m2)
	6.04
	3.81
	5.38
	9.15



	Erosion volume (107 m3)
	6.29
	0.94
	3.63
	4.93



	Erosion thickness (m)
	1.04
	0.25
	0.67
	0.54



	Net erosion volume (107 m3)
	−2.84
	1.24
	−0.40
	−4.14



	Net deposition thickness (m)
	−0.26
	0.11
	−0.04
	−0.37



	Average net erosion and deposition volume of the period (107 m3/a)
	−0.08
	0.14
	−0.02
	−1.03



	Average deposition rate over time (cm/a)
	−0.71
	1.23
	−0.15
	−9.24










[image: Table] 





Table 3. Sediment fluxes from Hanjiang and Rongjiang into the sea and sedimentation rate in the channel outside Shantou Port during the same period.
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Period

	
1980–1989

	
1989–2012

	
2012–2016






	
Average annual sediment flux into the sea (10,000 t)

	
Han Jiang

	
843.1

	
384.4

	
225.7




	
Rongjiang

	
51.5 (1980–1987)

	
36.3 (2006–2012)

	
26.9




	
Shantou Port Outer Channel

	
Silt thickness (m)

	
0.11

	
−0.04

	
−0.37




	
Average deposition rate (cm/a)

	
1.23

	
−0.15

	
−9.24




	
ZZY07

	
Silt thickness (m)

	
0.38

	
0.31

	
−0.11




	
Average deposition rate (cm/a)

	
4.22

	
1.36

	
−2.75











[image: Table] 





Table 4. Columnar deposition rates.






Table 4. Columnar deposition rates.













	
	ZZY51
	ZZY55
	ZZY04
	ZZY01
	ZZY07 (The Deposition Rate Comes from the Chart)





	Average deposition rate of the whole section (cm/a)
	0.84
	1.54
	1.25
	2.31
	1.92



	Average deposition rate of the upper section (cm/a)
	0.57
	0.76
	0.50
	1.90
	−2.75 (2012–2016)

1.36 (1989–2012)

4.22 (2012–2016)



	Depth range (cm)
	0–42
	0–62
	0–84
	0–96
	0–31 (2016–1989)

31–69 (1980–1989)



	Deposition rate reduction (%)
	32.1
	50.6
	60.0
	17.7
	67.8

(1989–2012 compared to 1980–1989)
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Table 5. Component content and particle size parameters of sediments in the columnar samples.
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	Column Number
	Sand Content (%)
	Silt Content (%)
	Clay Content (%)
	Average Particle Size Average (μm)
	Median Particle Size Mean (μm)
	Sorting Factor
	Skewness
	Kurtosis





	ZZY51
	2.8–22.6
	55.5–72.8
	16.8–36.8
	25.0
	10.9
	2.0–3.9
	1.7–4.3
	2.4–23.3



	ZZY52
	0.0–1.9
	57.5–73.0
	25.2–42.4
	13.0
	7.6
	1.9–2.4
	1.5–3.7
	1.6–17.3



	ZZY55
	2.9–19.0
	60.7–72.7
	19.0–30.2
	22.3
	10.9
	1.9–2.9
	1.7–5.1
	2.7–33.7



	ZZY03
	10.3–41.4
	53.4–75.1
	2.6–26.7
	27.9
	19.5
	2.0–2.7
	−0.5–0.1
	0.6–1.3



	ZZY07
	9.0–49.6
	45.9–82.2
	4.4–33.7
	16.9
	15.0
	1.4–2.9
	−0.3–0.4
	0.7–1.2



	ZZY54
	1.3–14.3
	61.1–76.5
	18.1–24.6
	14.6
	8.5
	1.8–2.7
	0.5–3.7
	−1.4–18.9



	ZZY04
	2.2–43.9
	53.3–76.6
	2.8–30.5
	18.7
	13.6
	1.8–2.5
	−0.5–0.2
	0.6–1.4



	ZZY01
	20.3–65.2
	30.2–73.0
	3.0–21.2
	37.3
	36
	2.1–2.7
	−0.4–0.5
	0.6–1.2



	ZZY05
	4.4–50.1
	43.9–82.7
	5.3–26.7
	19.5
	19.9
	1.2–2.3
	−0.3–0.5
	0.7–1.4



	ZZY57
	0.1–14.4
	65.3–76.2
	14.8–34.6
	21.1
	12.0
	2.0–2.7
	1.5–2.8
	1.7–8.9
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Table 6. Segmented particle size parameters of the columnar samples.
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Column Number

	
Grain Size Change Boundary Position Depth (cm)

	
Below the Boundary Depth

	
Above the Boundary Depth




	
Average Particle Size (μm)

	
Mean Value of Median Particle Size (μm)

	
Average Particle Size (μm)

	
Mean Value of Median Particle Size (μm)






	
ZZY51

	
0–42

	
20.7

	
10.0

	
33.2

	
12.5




	
ZZY52

	
0–58

	
11.3

	
6.7

	
14.7

	
8.5




	
ZZY55

	
0–54

	
19.1

	
9.9

	
26.4

	
12.3




	
ZZY03

	
0–42

	
30.8

	
20.2

	
18.2

	
17.2




	
ZZY07

	
0–96

	
23.5

	
20.2

	
9.5

	
9.1




	
ZZY54

	
0–124

	
24.7

	
12.2

	
13.4

	
8.0
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Table 7. Erosion and deposition in multiple underwater deltas at different times.
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	Erosion and Deposition Situation in Different Stages
	Mississippi River

Underwater Delta
	Yangtze River

Underwater Delta
	Yellow River

Underwater Delta
	Pearl River Lingdingyang Estuary

West Beach





	Rapid deposition stage
	317 ± 54 Mt/a (1874–1940)
	6.8 cm/a

(1958–1977)
	0.93 × 108 m3/a

(2002–2007)
	3.63 × 106 m3

(1978–1985)



	Decreased deposition rate
	145 ± 25 Mt/a (1940–1979);

87 ± 15 Mt/a (1979–2005)
	3.2 cm/a (1977–2020)
	0.57 × 108 m3/a

(2007–2015)
	425.9 × 106 m3 (1985–1999)



	Erosion stage
	-
	−2.3 cm/a (2000–2007)
	−0.53 × 108 m3/a

(2015–2016)
	−122.11 × 106 m3

(1999–2011)
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