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Climate change and human activity can both exert a role in the river discharge and sediment load in river deltas when the sea level remains relatively stable. The Pearl River Delta constitutes the metropolitan region of the Guangdong–Hong Kong–Macau Greater Bay Area, and its evolution in the past and future impacts the sustainable development of this region. In this manuscript, a core situated in the northern South China Sea, adjacent to Qiao Island of Zhuhai city in the Pearl River Delta, was selected to investigate the hydrodynamic variation influenced by tropical processes and the sediment flux imposed by human activities. Using paleosecular variations (PSVs) in geomagnetic field correlations constrained by seven radiocarbon ages, an ∼2.5 kyr chronology was provided for core sediments ∼2.8 m in length. The magnetic fabric results suggest that deposition was influenced by the two types of hydrodynamic-weak energy modulated by El Niño–Southern Oscillation (ENSO) activity and higher energy regulated by high-frequency tropical storms. The cyclic variations in the degree of anisotropy of magnetic susceptibility (P) indicate two periodic changes at approximately 300 and 100 years, which were forced by ENSO activity, while the ratio of lineation with foliation (q value) implies a higher energy flow period of 1.3–1.9 kyr, arising from strong tropical storms. Moreover, the high saturation remanence (SIRM) introduces more sediment flux, which is impacted by growing human activity during the period of 1.0–1.6 kyr.
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INTRODUCTION
River deltas occupy the most economically dynamic land area in the world and contain more than 322 million people (Macklin and Lewin, 2015). The formation and evolution of deltas have been dominantly controlled by natural processes, such as climate change, sea-level fluctuations and tectonic activities, on a geological time scale (Goodbred and Kuehl, 2000; Zong et al., 2009). However, the terrigenous debris flux accompanied by river discharge may exert a crucial impact on the morphology of the delta when the sea level and tectonic activity remain relatively stable (McManus, 2002). The enhanced river flow is linked to the patterns and processes of sediment erosion and accumulation that modulate delta progradation and distributary channel extension laterally (Shaw et al., 2016). Sediment retention, which is influenced by natural processes or human activities, may cause delta degradation, while marine processes intensify in the context of global warming (Wu et al., 2016; Hoitink et al., 2017; Ranasinghe et al., 2019; Xie et al., 2022). Especially in the Anthropocene, the double impacts of human activity and climate change on river discharge and sediment inputs are responsible for the rapid transition of the delta shape (Hassan, 1997; Macklin & Lewin, 2015; Hoitink et al., 2017; Liu et al., 2019; Zhou et al., 2019). Enhanced weathering processes, intensified precipitation and developing agricultural industrialization can cause delta progradation and channel migration, while the embankment of channels and the construction of dams may result in delta retrogradation (Hassan, 1977; Macklin and Lewin, 2015; Nian et al., 2022).
The Pearl River Delta, a metropolitan region of the Guangdong-Hong Kong-Macau Greater Bay Area, is one of the most densely urbanized regions in the world, with a population of more than 67 million (Yang et al., 2019). Heavy rainfall arising from tropical storms and ENSO activity enhances river discharge and causes a large amount of sediments to enter the lower reaches of the delta region (Liu et al., 2017; Deng et al., 2018; Chen et al., 2020; Yan et al., 2022). In contrast, urbanization prevents the production of terrigenous debris and channel reformation (Zhou et al., 2019; He et al., 2022). This delta is a typical zone in which to research the evolution of river discharge and sediment input under the interaction of natural processes and human activity. In this manuscript, we select a sediment core to investigate the hydrodynamic variability and terrigenous flux since approximately 2.5 kyr BP, which would be beneficial for understanding the morphological evolution of the delta during the period of strong human activity. Radiocarbon dating and paleomagnetic secular variations are employed to determine the sediment chronology, and the anisotropy of magnetic susceptibility and the fraction of fine sand are used to analyze the hydrodynamic conditions. The saturation remanence (SIRM) and high coercivity remanence (HIRM) are employed as proxies for terrigenous debris inputs.
GEOGRAPHICAL CONTEXT AND METHODS
The Pearl River Delta covers a region of ∼5.5 *104 km2, which is formed by three major rivers (West River, North River and East River) flowing into the northern South China Sea (Figure 1). Lingdingyang is one of the largest estuary bays that formed after the deglaciation period (Zong et al., 2009). The drainage system of the three rivers extends to the southeastern margin of Tibet across Guangdong, Guangxi and Guizhou Provinces, constituting diverse geomorphic conditions, such as karst landforms, hills, basins in the upper and middle streams and the highly urbanized delta plain downstream (Wei et al., 2020). The area of soil erosion, which provides abundant terrigenous debris for river loading, is approximately 58,900 km2 and remained almost unchanged from 1995 to 2004 (Zhou et al., 2019; Wei et al., 2020). The annual water discharge varied around a mean value of ∼2.8 *1010 m3, while the sediment load exhibited a decreasing trend at a rate of -2.24*104 t/year between 1955 and 2018 (Wei et al., 2020). The average annual precipitation (1954–2018) varied from 1120 to 1981 mm, with a mean value of 1559 mm. ENSO activity and tropical storms exert a crucial impact on the precipitation in this region. Large precipitation variations (>5%) and most of the years with low precipitation are associated with ENSO events (El Niño years) (Wei et al., 2020).
[image: Figure 1]FIGURE 1 | The Pearl River drainage basin (redrawn from Wei et al., 2020) (A) and core locations (B).
Two piston cores, ZH06 (2.81 m in length) and ZH05 (1.82 m in length) (22.39°N, 113.64°E), in the Lingdingyang Sea area adjacent to Qiao Island of Zhuhai city were selected in 2008 (Figure 1). The sediments in the two cores were homogenous silt and clay and were gray in color. Two cores were split, and one-half was continuously sampled by pushing ceramic boxes (1*1*1 cm) into the core sections. A total of 278 and 179 samples were collected in cores ZH06 and ZH05, respectively, for paleomagnetic measurements. Moreover, the paired powder samples were selected for grain size analysis. The volume magnetic susceptibility of the sediments from the two cores displays a similar pattern (Supplementary Figure S1), exhibiting the same stratigraphy and consistent deposition processes. Here, the experimental works were mainly focused on the ZH06 core samples.
All box samples were measured for natural remanent magnetization (NRM) and then stepwise demagnetized with a fully automated 2G-Rapid system using peak fields of 0–80 mT (total of 10 steps) after the volume magnetic susceptibility and magnetic fabric (MF) were initially measured using a Bartington MS2 system and an MFK1 Kappabridge, respectively. The parameters of MF, such as the degree of anisotropy susceptibility (p), foliation (F), lineation (L), shape factors (q and T) and imbrication angle (β), were calculated from the statistical methods of Constable & Tauxe (1990) and (Taira, 1989). Anhysteretic remanence (ARM) was then imparted with a 0.05 mT steady field and an 80 mT alternating field, and saturation isothermal remanence (SIRM) was imposed using a DC field of 1 T. IRM-300 mT was then measured, giving a reverse 300 mT field. High coercivity remanence HIRM and S300 ratios were determined by (SIRM-IRM-300)/2 and IRM-300/SIRM, respectively. Both ARM and SIRM were also demagnetized and measured at 20, 40, 60 and 80 mT fields. The magnetic susceptibility variations independent of temperature (κ-T) were measured in argon conditions within a cycle from room temperature to ∼700°C for four freeze-dried powder samples in an MFK1 Kappabridge. The hysteresis properties of the samples were determined using a Princeton Measurements Corporation vibrating sample magnetometer (MicroMag 3900) with a maximum applied field of 1 T. The saturation magnetization (Ms) (at 1.0 T), saturation remanence (Mrs), and coercivity (Bc) were obtained after correcting for the paramagnetic contribution identified from the slope of the high field sections of the curve. Subsequently, the coercivity of the remanence (Bcr) was determined using the demagnetized curve of Mrs. FORC diagram measurements were performed on for four samples following the methods of Harrison and Feinberg (2008). The maximum saturation field was 1.0 T, and the regular grid comprised 150 hysteresis loop curves with a 500 ms averaging time. The FORC data were processed using FORCinel software with a VARIFORC smoothing algorithm (Egli, 2013).
The samples for grain size analysis were pretreated with HCl (10%) hydrogen peroxide (H2O2) (30%) to remove the carbonate and organic matter, and then (NaPO3)6 was added to prohibit the fine particles from aggregating. Experiments were performed with a MasterSizer 2000 laser particle analyzer, achieving a distribution from 0.2 to 1000 μm. These magnetic and grain size experiments were performed at the Institute of Geology and Geophysics, Chinese Academy of Sciences (CAS) and Sun Yat-Sen University, respectively.
Intact shells, conches and terrigenous plant debris were selected for radiocarbon dating. Five samples were prepared into graphite at the Guangzhou Institute of Geochemistry, Chinese Academy of Sciences and then determined at the Key Laboratory of Heavy Ion Physics, Beijing University, and two samples were measured at the Beta Laboratory.
RESULTS
Magnetic mineral assemblage
The hysteresis loops of four representative samples displayed a narrow shape and reached saturation magnetization below a 300 mT field. The coercivity of remanence (Bcr) varied from 20 to 35 mT. The Day-plot projection describes the PSD state of magnetic mineral grains (Dunlop, 2002) (Figure 2). The κ-T profiles have the most magnetic susceptibility loss at approximately 580°C, although a prominent increase at approximately 260°C existed. One sample at a depth of ∼227.9 cm displayed a “waist-shaped” loop with relatively high Bcr (∼118 mT) and Bc (∼32.9 mT) values. The susceptibility of the heating curve showed two stages, rising at temperatures of approximately 320°C and 500°C (Figure 2), which may arise from the contributions of pyrrhotite and pyrite (Yang et al., 2008). The S300 ratio value preserved a relatively stable mean value of approximately 0.93 except in the interval of 2.26–2.38 m (decreased to 0.43). The remanence ratio of ARM and SIRM from 0 to 60 mT with their primary values are generally greater than 0.8 (ARM(0–60)mT/ARM and SIRM(0–60)mT/SIRM), and the SIRM/κ ratio does not show very high values. The magnetic hysteresis data of Mrs/Mr were less than <0.5, and Bcr/Bc exceeded 2, indicating little influence of iron sulfides (Roberts et al., 2011). These results demonstrate that the magnetic minerals of sediments were mainly dominated by soft magnetite, while the contribution of a few iron sulfides to the remanence is minor (Deng et al., 2001; Roberts et al., 2011). The high-coercivity minerals are preserved only in the sediments within 2.26–2.38 m.
[image: Figure 2]FIGURE 2 | Hysteresis loops and Day-plot project following Dunlop (2002) for the representative samples (A); FORC diagram processed using FORCinel software (Egli, 2013) and temperature dependence of magnetic susceptibility variation are displayed in (B) and (C), respectively. In (A), SD = single domain; PSD = pseudosingle domain and MD = multidomain. (C) FORC diagrams of several typical samples.
Generally, the ratios of ARM/SIRM can serve as a proxy of the magnetic grain size variations when the remanence of sediments is mainly dominated by magnetite. To remove the influence of a few iron sulfides on the remanence, we employ the remanence difference ratios in the 0–60 mT demagnetization field (ARM(0–60)mT/SIRM(0–60)mT) to estimate the relative variations in the magnetic grain size. The variations in the volume magnetic susceptibility (κ), SIRM and ARM display a clear two-stage pattern (Figure 3). Below ∼140 cm, low values associated with a weak increasing trend denote low concentrations of magnetic minerals, while high values above 140 cm represent high concentrations. Low and high concentration values are linked to fine and coarse magnetic mineral granularity, respectively (ARM/SIRM). This stage shift should arise from the magnetic mineral inputs while the mineral assemblages are consistent (the relatively stable S300 ratio). The HIRM values also increased following the SIRM and ARM, exhibiting that the high-coercivity components in the sediments, such as hematite (Roberts et al., 2021; Jiang et al., 2022), which formed during pedogenic processes in the catchment areas, were transported to the Pearl River Delta region.
[image: Figure 3]FIGURE 3 | Downcore variations in environmental magnetism proxies of volume magnetic susceptibility (κ) (A), saturation isothermal remanence (SIRM) (B), anhysteretic remanence (ARM) (C) and the ratio of ARM(0–60)mT/SIRM(0–60)mT (D), S300 (E) and HIRM (F).
Magnetic fabric and particle size variations
The stereographic projection of the anisotropy principal axes displays a normal depositional fabric (Supplementary Figure S2A). The maximum axes are scattered around the horizontal plane, and the minimum axes cluster tightly around the vertical plane. The principal directions of the long axes are aligned along the northeast direction after correction based on the natural remanence declination of the uppermost sediments (Supplementary Figure S2B). The T-P projection of magnetic fabric indicates that most specimens had oblate shapes, whereas a few prolate samples had small p values (<1.04) (Tarling & Hrouda, 1993) (Figure 4). The q-P plot shows that the deposition was dominated by normal currents, slope gravity and viscous suspension (Taira, A., 1989; Bradák-Hayashia et al., 2017). However, some large q values (>0.6) present increasing tangential stress and higher energy. A weak negative correlation between p and q suggests that increasing q is accompanied by decreasing anisotropy, possibly due to rearrangement and the relatively chaotic behavior of grains in higher-energy dynamics conditions.
[image: Figure 4]FIGURE 4 | Projection of the magnetic fabric parameters of the shape factor (T)-degree of anisotropy (P) (A) and shape factor (q)-P (B).
The higher anisotropy (larger p-value) with low L in the foliation plane may correspond to the relatively lower-energy currents and the strengthening of the gravitational force during grain transport (Figure 5). The foliation (F) and the degree of anisotropy (p) varied in cycles. Increasing p indicates relatively enhanced hydroenergy at the boundary of the water and sediment surfaces. However, the terrigenous particle size did not mimic the cyclic variations in the magnetic fabric parameters. The fine silt and clay fraction (<7.5 μm) appeared high in the middle part and low in the upper and lower parts. The coarse size fraction exhibited high frequency fluctuation below ∼140 cm and a relatively high value above 100 cm. The different changing patterns of p and particle size present two types of hydrodynamic conditions. The magnetic fabric is related to the bottom hydroconditions, while the coarse particle size is responsible for higher-energy currents.
[image: Figure 5]FIGURE 5 | Variations in foliation (F) (A), degree of anisotropy (P) (B), and shape factor (q) (C) coeval with the particle size fractions of <7.5 (D) and >100 μm (E).
Natural remanence (NRM)
The NRM of all samples can be demagnetized using alternative fields (AFs) of 0–80 mT. A weak second NRM component can be removed in a few samples at AFs of 10–20 mT (Figure 6). The characteristic remanent magnetization (ChRM) and maximum angle deviation (MAD) can be evaluated between 20 and 80 mT. The remanence of only 47 samples displayed a relatively scattered distribution, and these samples were rejected when analyzing the directional changes in core sediments. Downcore variations in ChRM inclinations and declinations are shown in Figure 7 (the declination represents only the relative change). The MAD values are generally <5°, confirming that the magnetization components are well defined. The directions of both inclination and declination are characterized by several prominent lows and peaks, which represent the paleosecular variations in the geomagnetic field. The large variability in the directions in the upper layer (from 100 to 10 cm) exceeds the results of the archaeomagnetic and CALS 10 K.2 models (Brown et al., 2015; Cai et al., 2017), which may result in debate about the reliability of the paleomagnetic directions. However, we do not have enough reason to reject these results because the well-preserved natural remanence, the minimal sediment disturbance, and the relatively low p values (<1.06) associated with fine sediments (the fraction of the grain size <60 μm varied around 80%) are conducive to record the geomagnetic field.
[image: Figure 6]FIGURE 6 | Principal component plots (top) (Kirschvink, 1980) of representative specimens. Open circles (cross) display projections onto the vertical (horizontal) plane.
[image: Figure 7]FIGURE 7 | Correlation of the ChRM directions of core ZH06 (A) with eastern Asian stack curves (EA-STACK) (Zheng J et al., 2014) (B) and archaeomagnetic/CALS10k.2 model results of eastern China (Brown et al., 2015) (C). The radiocarbon ages are displayed in (A). The dotted lines show the favorite tied points between the different curves.
Radiocarbon dating results
The radiocarbon ages are given in Table 1a. The ages from the different labs may have a little discrepancy for the same layer sediments, which can arise from the dating materials and lab error. The calibrated ages suggest that the core sediments are younger than 2.5 kyr despite the nonlinear distribution of seven ages. Although the dating materials are intact shells, conches and terrigenous debris, the complex deposition process and possible reworking under delta conditions may prevent the construction of a reliable chronology of sediments. Almost the same age at the different depths of 85 cm and 106 cm may originate from the downward activity of benthic shells or conches. The reverse age at a depth of 99.5 cm with the adjacent layers may reflect old plant debris pollution from the drainage system.
TABLE 1 | The age-depth relation of Core Zh06.
[image: Table 1]DISCUSSION
Constructing the chronology based on the PSV correlation
The paleomagnetic field variations (PSVs) were determined as the long-term temporal changes in the Earth’s magnetic field longer than several hundreds of years, which resulted from the effect of magnetic diffusion in the core-mantle boundary zone (Korte & Holme, 2010; Korte et al., 2011; Laj & Channell, 2015). A series of studies have suggested that the PSV can serve as an effective dating tool within a region of thousands of kilometers (Yang et al., 2009; Shanahan et al., 2013). In eastern China, the nondipole field has a common influence on the geomagnetic field, and the PSV has had a similar pattern since the Holocene (Korte & Holme, 2010). This feature meets the criteria of PSV dating of the sediments. Zheng Y et al. (2014) reconstructed a PSV stack of East Asia (EA-Stack) by synthesizing sedimentary and archeological results, which provides an important reference curve for a large region.
During the river delta deposition process, ocean currents and bottom fauna often disturb the materials; however, the reworked sediments mostly occur near the water–sediment interface. The magnetic minerals are realigned along the Earth’s magnetic field after these disturbances. The natural remanence preserved in such sediments can record the features of the Earth’s magnetic field. We link our inclination and declination records to the EA-Stack constrained by the radiocarbon ages, and six tied points can be recognized in the inclination correlation (Figure 7). For the upper 20 cm sediments, we correlate them to the archaeomagnetic records of East Asia and the CALS10k.2 model results (Brown et al., 2015; Cai et al., 2017) to achieve a tied point at ∼12 cm. Hence, a correlation depth-age model can be reconstructed based on these tied points (Table 1b). A possible error may occur within 180–280 cm. Our inclination displayed a relatively stable plateau with some fluctuations, while the EA-Stack exhibited a decreasing trend. However, the radiocarbon ages of 1852 and 1988 at depths of 145.5 cm and 258 cm provide two constrained points. The chronology of core sediments can be established by the deposition rate and correlation age. The results attest that the core sediments approximately 283 cm in length document a deposition of approximately 2.1 kyr.
Hydrodynamic change and tropical precipitation
Anisotropic magnetic susceptibility reflects the fabric acquired by the sediments during deposition (Wassmer et al., 2015), which is often used to determine the paleocurrent direction, tsunami events and deposition process (Schneider et al., 2014; Bradak-Hayashi et al., 2017). The different flow stresses in the bottom layer can induce the varying p and the orientation of the long axis (Kmax). When the currents have weak or laminar flow, Kmax is parallel to the flow direction (Tarling & Hrouda, 1993). The p values of our core were less than 1.04 for most sediments, which are mainly dominated by foliation (F). Low and high p values indicate weak and increased flow stress during the deposition period, respectively. The flow strength at the core site may be a mixture of river currents with waves and tides; however, the latter two should have a relatively mean stable strength with daily and monthly fluctuations. The change in the flow stress should mainly arise from the river discharge influence, which is heavily controlled by precipitation. Comparing the variations in p with the detrended HIRM values, a consistent pattern appeared (Figure 8). A high HIRM represents a greater flux of terrigenous debris under the intensification of pedogenic processes in subtropical regions with warm and wet climate conditions (producing more high-coercivity minerals) (Long et al., 2011; Jiang et al., 2018; Jiang et al., 2022). Enhanced rainfall strengthens the river discharge and sediment load (Liu et al., 2017), which increases p values. Hence, cyclic p and HIRM indicate the periodicity of tropical precipitation. Performing the spectral analysis for p values (Li et al., 2019), two periods of approximately 300 years and 100 years are significant (Supplementary Figure S3). High p values remain consistent with the sea surface temperature of the western tropics (Stott et al., 2004), which would induce an ENSO boom (Moy et al., 2002; Conroy et al., 2008; Karamperidou et al., 2015; Barr et al., 2019). Simulation studies and modern observation records also confirm that in contrast to the monsoon change recorded in stalagmites, ENSO activities and tropical storms play an important role in tropical precipitation, although an ambiguous relationship exists at interannual time scales (Liu et al., 2017; Deng et al., 2018; Yan et al., 2022). Strong ENSO activities (La Niña years) induce more rainfall in river basins (Barr et al., 2019), which influences land and ocean areas. The δ18OG. Ruber of core 17,940 selected from the northern South China Sea (Wang et al., 1999) agrees well with the p and HIRM curves, suggesting a common forcing process arising from precipitation.
[image: Figure 8]FIGURE 8 | Comparison of p (A), HIRM (B) with δ18O of core 17,940 (C) (Wang et al., 1999), the sea surface temperature (SST) of the western Pacific (E) (Stott et al., 2004) and ENSO proxies (F,G) (Moy et al., 2002; Conroy et al., 2008)
Strong tropical storms, especially typhoons, can induce heavy rainfall in a short time (Yan et al., 2022). This process causes higher energy transport, high-density water and grain-to-grain interactions, and the sediments in the bottom layer are “slurry-like”. The q values of the magnetic fabric increase with low p values and coarse particle sizes. That is, the large q values can hint at floods and a high-energy flow. During the period of 1.4–1.9 kyr BP (Figure 9), coarse particle grains fluctuate with high frequency and amplitude, and the q values have a corresponding pattern. They present high-frequency tropical storms, agreeing well with the flood events that occurred in the Yangtze River Delta (Zheng J et al., 2014; Nian et al., 2022) and central China, which were reconstructed from the historical reference and IRM flux in the stalagmite (Zhu Y. N et al., 2017), respectively. The high-frequency typhoon events correspond to the low temperature in eastern China (Ge et al., 2003). When the temperature increased, the typhoon frequency decreased. The consistent high-frequency tropical storms forced flood events, which affected not only the eastern coastal area of China but also the central part of China.
[image: Figure 9]FIGURE 9 | Comparison of the particle size fraction >100 µm (A) and q values with flood proxies reconstructed from a stalagmite from Shennongjia (Zhu Z. M et al., 2017) (C) and historical records of the Yangtz River delta (D) (Nian et al., 2022).
Human activity-induced sediment flux
The remanence of sediments was mainly dominated by soft magnetite, and SIRM variations arose from the concentration of magnetite, which depends on terrigenous inputs. The sediment load increase should have responded to an increasing SIRM trend from approximately 1.6–1.0 kyr BP (Figure 10). Neither high-energy tropical storms nor relatively weak ENSO activity display this long-term trend (Conroy et al., 2008; Nan et al., 2014) (Figures 8, 9), and the increase in the sediment load may arise from other factors. Some investigations show that the sediment supply from the Pearl River over the last ∼150 years was dominated by human activities (Ranasinghe et al., 2019). The population of Guangdong Province grew from 240,000 to 2,920,000, and most of them lived in the Pearl River Basin (Zhu et al., 1988). Increasing cultivation activities destroyed vegetation and produced a large amount of debris, which was transported to the lower reaches of the delta. Since approximately 500 years ago, the population has also increased rapidly, but the central region has migrated to the lower reaches of the delta region, and dam construction and reclamation have limited the debris into the river system. Therefore, the relationship between population growth and sediment flux at approximately 2.5 kyr BP indicates that different human activities have an important impact on sediment inputs. In an agricultural society, planting activities in river basins increase sediment inputs, but modern human activities in the lower reaches of the delta may reduce the inflow of debris despite natural processes.
[image: Figure 10]FIGURE 10 | The relation of sediment inputs expressed by magnetic proxies with population growth in Guangdong Province (Zhu et al., 1988).
CONCLUSION
The sediments of core ZH06, which is from the Pearl River subaqueous delta and is ∼2.8 m in length, provide the hydrodynamic evolution process and sediment input history impacted by human activity. The paleomagnetism and magnetic fabric analysis provide the chronology of sediments and the proxies indicating the water energy and sediment flux. Based on the environmental and magnetism investigations, we can infer some insights about the deposition process in the Pearl River Delta region.
1) The deposition may be disturbed by various factors, and the radiocarbon ages have difficulty constraining the age of sediments. The paleosecular variations, which rely on geomagnetic field variations over hundreds to thousands of years, have provided a reliable chronology since approximately 2.5 kyr.
2) Cyclic variations in the degree of anisotropy of magnetic susceptibility (P) at 100 and 300 years imply relatively weak energy arising from ENSO activities, which dominate the precipitation in this region.
3) The large shape factor (q) values coeval with the coarser particle size fraction denote the higher-energy current, which can induce the “slurry-like” transport of sediments during the period of 1.3–1.9 kyr, in which the strong tropical storms occurred at high frequencies and intensities.
4) The increasing trend of the SIRM from 1.3 to 10 kyr BP indicates increasing human activity after the Sui Dynasty. The agricultural planting in the river basin destroyed the vegetation and produced large amounts of debris, which flowed into the river and were transported to the lower reaches of the delta.
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