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Abstract

Microplastics are ubiquitously found in the environment; however, our knowledge about their storage and mechanism in the

burial record is scarce. We selected a core (CCYY1) in the tidal flat of the Yangtze Estuary and investigated its microplastic

pollution and sediment grain size. Both plastic production and sediment grain size were significantly positively correlated with

microplastic abundance, revealing that the distribution of microplastics in the core was mutually affected by plastic production

and extreme flood events. Moreover, the sedimentary record increased rapidly in microplastic abundance and microplastic

diversity during the historic extreme flood. The resuspension of upstream microplastics and erosion of land-based microplastics

by heavy rain may be responsible for the increase during flood events. Microplastic abundance had a significant period of 8 a

and 22 a, indicating the influence of El Niño-Southern Oscillation and solar activity. This study also proposed microplastics as

a proxy index for palaeo-flooding.
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Key Points:

• Plastic production and flood events jointly affect microplastic distribution
in the burial record of the Yangtze Estuary.

• The increase of microplastic abundance and diversity in the estuary is
caused by the erosion of upstream and land-based during flood.

• Microplastic abundance corresponds well to historic extreme floods and
the hydrological cycle of the Yangtze River (8 a and 22 a).

Abstract

Microplastics are ubiquitously found in the environment; however, our knowl-
edge about their storage and mechanism in the burial record is scarce. We
selected a core (CCYY1) in the tidal flat of the Yangtze Estuary and investi-
gated its microplastic pollution and sediment grain size. Both plastic production
and sediment grain size were significantly positively correlated with microplastic
abundance, revealing that the distribution of microplastics in the core was mu-
tually affected by plastic production and extreme flood events. Moreover, the
sedimentary record increased rapidly in microplastic abundance and microplas-
tic diversity during the historic extreme flood. The resuspension of upstream
microplastics and erosion of land-based microplastics by heavy rain may be re-
sponsible for the increase during flood events. Microplastic abundance had a
significant period of 8 a and 22 a, indicating the influence of El Niño-Southern
Oscillation and solar activity. This study also proposed microplastics as a proxy
index for palaeo-flooding.

Plain Language Summary

Microplastics have become ubiquitous in the environment and sediment is a ma-
jor sink for microplastics. Therefore, the microplastic pollution history would
be documented in the sediment, but the burial record of microplastics is poorly
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known in current study. We choose a core in a tidal flat of the Yangtze Estuary
to explore how and why microplastics in sedimentary record are distributed. The
results exhibited increasing fluctuations of microplastic abundance and polymer
types over time. This is basically affected by the exponential growth of plas-
tic production. Surprisingly, we found that the high microplastic abundance is
related to coarse sediment grain size, which may indicate the influence of the
flood events. We verify this viewpoint by comparing microplastic records and
historic extreme floods as well as the hydrological period of the Yangtze River.
The microplastics was scoured seriously in land and resuspended in upstream
river during flood events, causing a rapid increase of microplastics in the estu-
ary. Our study revealed the relationship between microplastics and flood events
in the long term, which is beneficial to understand the geophysical process of
microplastics.

1 Introduction

Global plastic production has been consistently growing since the 1950s, reach-
ing 368 million tonnes in 2019 (Plastics Europe, 2020). Rivers act as major
pathways for land-based plastics debris to enter the ocean, the final sink of
plastics and microplastics, with 91% of land-based plastic waste transported
to the ocean via rivers (Lebreton & Andrady, 2019). However, the estimated
amount of floating plastic debris on the surface of global oceans (7000�35000
tonnes) is markedly less than riverine plastic outflow (0.057�12.7 million tonnes)
(Cózar et al., 2014; Jambeck et al., 2015; Mai et al., 2020), suggesting the frag-
mentation and deposition of unaccounted plastics. Following fragmentation by
physical and chemical processes (Laxague et al., 2018; C. Wang et al., 2021),
plastics measuring less than 5 mm were classified as microplastics (Arthur et
al., 2009). They have become omnipresent in environmental matrices, including
water, sediment, atmosphere, ice, and organisms (Amélineau et al., 2016; Bessel-
ing et al., 2017; Ding et al., 2021; Veerasingam et al., 2016). When ingested
by an organism, microplastics could pose a potential threat to the organism
itself and to human health via the food web (Wright et al., 2013). Several fac-
tors affect microplastic penetration into the sediment, such as density, biofilm
formation (Lobelle & Michael, 2011), and combination with marine snow or
animal excrement (Katija et al., 2017; Long et al., 2015). Meteorologically in-
duced hydrological conditions play an important role in this process: floods,
storms, rain, and typhoons can significantly change the sediment distribution
and storage of microplastics. Therefore, it is necessary to clarify the fluvial and
depositional processes of microplastics entering sediment to better understand
the transportation of microplastics into the ocean.

The estuary system represents a transition zone of the river and offshore, and
it is regarded as a hot spot area of pollution research (Chapman & Wang, 2001;
Sun et al., 2012). The river flow becomes slow when entering the estuary zone,
and a large amount of sediments and pollutants carried by the river are deposited
in this area (Dai et al., 2018). Therefore, the pollution of the whole basin can be
reflected in the estuarine pollution (Ridgway & Shimmield, 2002). Meanwhile,
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the estuarine delta is the most densely populated area globally, and the pollution
in the estuary zone poses significant threat to the health of the population in
the estuarine delta. Previously, the study of estuarine microplastic pollution
was focused on the microplastics in the surface water and sediment (Gray et
al., 2018; S. Zhao et al., 2015); however, few studies have focused on the burial
records of microplastics.

Microplastics in the sedimentary core reflect the microplastic storage and long-
term changes in an area. Martin et al. (2020) estimated that approximately
160 tonnes of microplastics were deposited in the mangrove sediment of the
Red Sea and Arabian Gulf. In most areas affected by an increase in plastic
production, the microplastic abundance generally increases from the bottom to
the surface of the core (Brandon et al., 2019; Chen et al., 2020). Moreover,
the changes in land use can influence the vertical distribution of microplastics
(Dahl et al., 2021). However, the effect of other factors (such as the flood
event) on microplastic storage is to be determined. The Yangtze River Delta
is the first region to produce and consume plastics in China (Y. Jiang & Jiang,
2013); therefore, the analysis of the core in Yangtze River can provide a complete
record of microplastic pollution in China. A better understanding of the vertical
distribution, influencing factors, and mechanism of microplastics in the core is
helpful in providing new insights into microplastic management.

According to many plastic transport models, the Yangtze River is considered the
largest plastic-export waterway globally because of its dense surrounding pop-
ulation (Lebreton et al., 2017; Mai et al., 2020; Schmidt et al., 2017). Herein,
we selected a gravity core (CCYY1) in the North Branch of the Yangtze River
and investigated its microplastic and sedimentary sequence. The aim of the
study was to determine the depositional characteristics of microplastics, ma-
jor factors affecting the vertical distribution of microplastics, and mechanisms
through which microplastic deposition responds to extreme flood events in the
Yangtze River.

2 Materials and Methods

2.1 Sampling

Core CCYY1 (121°55’42.4” E, 31°41’57.95” N) was collected from a tidal flat in
the North Branch of Yangtze Estuary, Yuantuo Point, using a gravity corer and
polyvinyl chloride (PVC) tube in the summer of 2019 (Figure S1 and Text S1).
The 103-cm long core (174 cm if considering compaction rate) was sectioned at
1-cm intervals and then dried at 60 ℃.

2.2 Microplastic analysis

The density flotation and separation method was used to extract microplastics
from the sediment. The method used in this study was modified from that
reported by Thompson et al. (2004) and Nuelle et al. (2014), with a recovery
rate of 91%–99%. The collected particles were analysed using a stereomicroscope
(Leica, MC190, Germany) and micro-Fourier transformed infrared spectroscopy
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(Thermo Fisher, USA) to determine the shape, colour, size and polymer type.
Detailed description of microplastic analysis and quality control measures was
provided in Text S2. Finally, 859 microplastics were identified.

Although we attempted to identify all suspected particles, some of them were
lost during the transfer process, which was considered an uncertainty of the
experiment. Such particles were identified through visual interpretation to
determine whether they were microplastics, and the number of uncertain mi-
croplastics are shown individually in the results.

2.3 Grain-size analysis

The sediment grain size was analysed at 1-cm intervals using the Malvern Mas-
tersizer 2000 (Malvern, UK), which has a measurement range of 0.02�2000 �m
and relative error within 3% for replicated measurements. The moment method
(McManus, 1988) and Folk and Ward (1957) methods were used to calculate the
particle size, including the mean grain size and the content of clay (<4 �m), silt
(4�63 �m), and sand (>63 �m). Three parallel samples were set in the experiment,
and the average value of the parallels was considered the final result.

2.4 210Pb dating

The 210Pb dating method is widely used to date the sediment age on a centennial
scale (Andersen et al., 2000; Arias-Ortiz et al., 2018). The dating experiment
was performed at the Nanjing Institute of Geography and Limnology, China
Academy of Science. The activity of radiometric 210Pb was measured by direct
gamma spectrometry using Ortec HPGe GWL series, well-type, coaxial, low
background, intrinsic germanium detectors (Oetec, USA). The dating method
was described in detailed in Text S3.

2.5 Statistical analysis

A Spearman correlation analysis was applied to analyse the relationships be-
tween plastic production parameters, sediment grain size, and microplastic abun-
dance (IBM SPSS Statistics, USA). Microplastic diversity was calculated based
on the Simpson’s diversity index (D) proposed by Simpson (1949). Moreover,
the period of microplastic abundance was measured using Software Past 4.03 in
wavelet analysis (Hammer et al., 2001). The statistical method is detailed in
Text S4.

3 Results

3.1 Age�depth chronology

The profile of excess 210Pb is shown in Figure S2. Excess 210Pb decreases in
moderate volatility with increasing depth, and the determination coefficient of
the logarithmic fitting is R2 = 0.772. The 210Pb dating determined an accumu-
lation rate of 1.23 cm/year for CCYY1 (CIC dating model), demonstrating that
the core had a chronology of 1878�2011.

3.2 Microplastic abundance and characteristics
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In total, 1080 microplastics were found in the samples. The microplastic abun-
dance in the depositional record ranged from 0 to 1734.675 n/kg (dw), and the
maximum concentration appeared in the surface sediment. Microplastic abun-
dance decreased in the downcore fluctuations, with a linear fitting of R2 = 0.523
(Figure 1a). There has been a rapid increase in microplastic abundance in the
strata starting in the 1950s.

The microplastics found were analysed for their shape, colour, polymer type, and
size. Fibres accounted for 89% of all microplastics detected, and they dominated
all the sedimentary layers. Fragments, films, and granules primarily appeared
after 1964 and were more common in the upper core than the downcore (Figure
1b and Figure S3a). Transparent/white was the most prevalent colour in the
core, accounting for 52% of the microplastics (Figure S3b). Up to seven colours
could be found in layers at depths of 14 cm (2007), 16 cm (2002), and 64 cm
(1969) (Figure 1c). In terms of polymer types, up to 28 types of microplastics
were found in the samples. Rayon and polyester (PES)/polyethylene terephtha-
late (PET) accounted for the highest percentage of microplastics in the core
(48% and 33%, respectively), followed by acrylic (4%), polypropylene (PP), and
polyethylene (PE) (Figure. S3c). The vertical distribution of microplastic types
revealed that the types of microplastics in the upper layer were more abundant
than those in the deeper layers (Figure 1d). We estimated the microplastic
polymer type diversity (D_polymer) and mean microplastic diversity of shape,
colour, and polymer type (D_mean). The results showed that microplastic di-
versity increased gradually and was relatively high during some years (Figure
S4).

According to the particle size distribution curve, the lengths of most of the
microplastics were in the range of 0�2 mm (87%) (Figure S3d). In the core,
the quantity of plastics of large particle size was significantly lower than that
of plastics of small particle size, which is consistent with our hypothesis and
previous research (Y. Wang et al., 2020; C. Zhang et al., 2019). However, the
number of microplastics that were < 0.3 mm was not the highest, which may
be a result of the limitation of visual selection of microplastics. The proportion
of small particles first decreased downcore from 2011 to the 1950s and then
increased with increasing depth until 1878 as shown in Figure 1e.
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Figure 1. Vertical profile of the (a) quantity, (b) shape, (c) colour, (d) polymer
type, and (e) particle size characteristics of microplastics from 1878 to 2011 in
CCYY1.

3.3 Grain size characteristics of the cores
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Grain size is an efficient and common index for identifying past flood events
(Zhao et al., 2016). The sediment in CCYY1 was primarily silty sand and sandy
silt, with a mean grain size of 96.986±20.086 �m, and the clay content was low
(Figure 2). The content of sand (38%�93%) and silt (7%�61%) varied in the core,
whereas the clay content (0%�2%) did not change significantly. The core could
be divided into three stages according to the mean grain size and sand, silt,
and clay content: (1) Stage 1 (138�174 cm) represented 1878�1906. The mean
grain size decreased from 118.2 �m to the minimum of the core in approximately
30 years, caused by a decrease in sand content and an increase in silt content.
(2) Stage 2 (77�138 cm) referred to 1906�1956. The mean grain size fluctuated
around the average grain size (107.193 �m) during this period. Two peaks with a
sudden coarser grain size indicated the occurrence of extreme events. (3) Stage
3 (0�77 cm) corresponded to 1956�2019. The grain size decreased gradually and
then stabilised with increasing silt content and decreasing sand content.

Figure 2. Grain size and sand, silt, and clay content variations in CCYY1. The
dashed red line shows the diversion of the core into 3 stages according to grain
size characteristics.

3.4 Result of correlation analysis and wavelet analysis
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Spearman correlation analysis results showed that microplastic abundance was
positively correlated with global plastic production (R = 0.429, p = 0.002, n
= 48) and Chinese plastic production (R = 0.420, p = 0.004, n = 45) but was
not significantly correlated with Yangtze basin plastic production (n = 10) (Fig-
ure 3a). Interestingly, there was a significant correlation between microplastic
abundance and sediment mean grain size (R = 0.310, p = 0.002, n = 97). The
wavelet analysis demonstrated that there were significant periodicities of 8 a
and 22 a of microplastic abundance with a confidence level of 95% (Figure 3b).

Figure 3. (a) Relationship between microplastic abundance in CCYY1 and
plastic production in the world, China, and Yangtze Basin. The data source
of plastic production was illustrated in Text S4. (b) Time-frequency graph of
wavelet analysis for microplastic abundance in CCYY1. The colour bar on the
right side demonstrates the amplitude of a particular frequency at a particular
time, and high values represent substantially high amplitudes. The high ampli-
tude value area within the solid black line implies that the significance level (p)
is > 0.05.

4 Discussion

4.1 Microplastics concentration of surface sediments compared to
previous research

Microplastic abundance in different studies exhibited significant variability even
when the sample sites were in the Yangtze Estuary (Table S1). The abundance
of microplastics in the tidal flat was markedly higher than that in the river
channel because sedimentary dynamics affect the redistribution of microplastics
(Zhu et al., 2018). In the Yangtze Estuary, the river channel is in an erosional
state with high velocity, whereas the tidal flat is in a depositional state with
low velocity (Gao et al., 2017; Y. Zhao et al., 2015). Therefore, the variation in
microplastic concentrations in the same area with different dynamics should be
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considered in a comparison or discussion.

4.2 Factors affecting concentration and vertical distribution of mi-
croplastics

The change of microplastic abundance in the sedimentary record showed a syn-
chronic trend with plastic production. The positive correlation between mi-
croplastic abundance in CCYY1 and plastic production of the world and China
suggests that microplastic vertical distribution was affected by plastic produc-
tion. No significant correlation was observed between microplastics and Yangtze
basin plastic production, which may be due to the small sample capacity (n=10).
Furthermore, the relationship between microplastic abundance in cores and plas-
tic production has been reported in other well-deposited cores (Brandon et al.,
2019; Dong et al., 2020). Microplastic abundance and sediment mean grain
size had no direct causal relationship, although there was a significantly posi-
tive correlation between them, indicating that they may be affected by common
factors, such as floods. Sediment grain size contains considerable sedimentary
environmental information, and suddenly coarsened sediment may indicate high-
energy events, including floods, storms, and tsunamis (Kochel & Baker, 1982;
Kortekaas & Dawson, 2007). Among these disasters, floods are one of the most
widespread natural disasters in the Yangtze Estuary and are frequently pre-
served in the sedimentary records (M. Wang et al., 2011; Wei et al., 2021);
accordingly, we primarily considered the influence of floods in this study.

Notably, microplastics were found deep in the core, even at the layer of 210Pb
dating before the 1930s. This phenomenon has also been observed in Beibu
Bay, China (Xue et al., 2020) and Santa Barbara Basin, America (Brandon
et al., 2019). Although the first type of microplastics was invented in 1862
(Crawford & Quinn, 2016), most of the commonly used plastics were invented
and commercially produced after the 1930s, including PVC, PS, PE, and PA
(Zalasiewicz et al., 2016). Therefore, theoretically, no microplastics should be
detected before the 1930s. Bioturbation and experimental pollution were used
to explain the phenomenon of microplastics in deep layers (Brandon et al., 2019;
Xue et al., 2020). However, after subtracting the experimental pollution, some
microplastics were observed at the bottom of the core, which should not have
been detected but could be attributed to bioturbation. Therefore, the extreme
flood before 1930 was not discussed in this study.

4.3 Response of microplastics to extreme flood events

Flood events can significantly change the river deposition process of microplas-
tics (Ralston et al., 2013), thereby affecting the vertical distribution of microplas-
tics in the core. The vertical variation in microplastic abundance and mean grain
size was used for comparison (Figure 4). The peak of microplastic abundance
corresponded to the peak of mean grain size, which was consistent with the
historic flood record in the Yangtze River compiled by Shi et al. (2004) and
Wei et al. (2021). We identified nine flood layers with 210Pb-determined ages of
1931�1934, 1941,1949, 1953�1956, 1969, 1975, 1990, 1998�1999, and 2011, which
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corresponded to the extreme flood records of 1931, 1945, 1949, 1954, 1969, 1980,
1991,1998, 1999, and 2010. The rapidly increasing runoff and flow velocity of
flood events have sufficient energy to transport large amounts of terrigenous
coarse particles, contributing to increased sand content and mean grain size
(Zhao et al., 2016). The flood could also transport more microplastics to the es-
tuary zone than usual. Land-based microplastics were accelerated to converge
into the river and ocean system under heavy rain and severe flood, resulting
in the increase in microplastic abundance in estuary and coastal areas after
the flood (Gündoğdu et al., 2018; Veerasingam et al., 2015). In addition, mi-
croplastics deposited in the upstream sediments were released into the water and
re-entered the transport system. Hurley et al. (2018) reported that microplastic
concentration had decreased at most of the Irwell and Mersey river catchment
sites and calculated that approximately 70% of the microplastic load fixed in
the river bed was exported from the river channel. Ockelford et al. (2020) con-
firmed that river sediment changed from sink to source of microplastics during
the flood period using the flume experiment. However, there were exceptions
in the 210Pb dating age of 1950, and the microplastic abundance was relatively
high, while the mean grain size was relatively low.

The microplastic characteristics exhibited a significant difference following
floods. Microplastic diversity was relatively high during the flood events in our
study. In our study, the average diversity of microplastic polymer types of
flood event layers (0.63) was slightly higher than that of the non-flood event
layers (0.59) from 1931 to 2011. This is because the heavy rain in flood events
enables a large amount of microplastics to enter the estuary and offshore zone
from multipoint sources (Gündoğdu et al., 2018). Gündoğdu et al. (2018) also
found that eight new types of microplastics were added to sediment post-flood
and that the abundance of propylene/acrylic acid copolymer and styrene/allyl
alcohol copolymer increased significantly.

The microplastic index (including microplastic abundance and diversity), to-
gether with grain size and other indicators, could reasonably identify flood
events in the sedimentary record. At present, the proxy index of palaeo-flood
events includes the grain size, organic matter (e.g., total organic carbon), geo-
chemical elements (e.g., Zr/Rb), and pollen (Jones et al., 2012; Kochel & Baker,
1982; M. Wang et al., 2011). Their behaviours vary greatly between flood and
non-flood periods because of the deposition of a large amount of coarse terrige-
nous particulate matter during flood periods. Grain size is the most sensitive
and widely used indicator. However, with the declining trend of the diversion
ratio of the North Branch, the abundance of coarse particles carried by runoff
has been gradually reduced (You et al., 2018) and the mean grain size decreased
from 1954, which does not sufficiently reflect the extreme floods of the Yangtze
River in the record of grain size (Figure 4). Combined with the microplastic in-
dex, the flood events since the 1950s could be identified effectively, particularly
the catastrophic floods in 1954, 1998�1999, and 2010, which caused substantial
economic losses and casualties. Although the history of microplastics is short,
they have the potential to be used as a supplementary indicator to reconstruct
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flood events in recent history.

Figure 4. Extreme flood events in the middle and lower Yangtze River identi-
fied by microplastic abundance and grain size index. Extreme flood events are
marked with orange blocks, corresponding 210Pb dating age, and actual date of
the floods.

4.4 Response of microplastics to the hydrology of the Yangtze River

Periodic changes in microplastic abundance and environmental elements of the
Yangtze Estuary were evaluated to explore the relationship between microplastic
abundance and extreme floods. The periodicities of 8 a and 22 a of microplastics
abundance in CCYY1 was consistent with that of hydrological elements (e.g.,
streamflow and baseflow) (Qian et al., 2012; Wan et al., 2018) in the Yangtze
River. In addition, periods of 8 a and 22 a have been commonly reported in
studies on meteorological elements (e.g., precipitation, temperature, and evap-
oration) (Miao & Lin, 2003; Qian et al., 2014) and sedimentary records (e.g.,
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grain size) (Zhao et al., 2016) in the Yangtze River. The two periods indicate
the influence of the El Niño-Southern Oscillation (ENSO) and solar activity,
respectively (Moy et al., 2002; Usoskin & Mursula, 2003).

Extreme floods are associated with river flow and precipitation in the Yangtze
Estuary and are highly influenced by ENSO and solar activity (Peña et al.,
2015; Q. Zhang et al., 2007). The response of floods to ENSO is a result of
ENSO affecting the position and strength of the Western Pacific Subtropical
High (T. Jiang et al., 2006), causing changes in precipitation and river flow and
leading to an increased occurrence of floods. Some catastrophic flood events in
the Yangtze Estuary, including the floods of 1936,1954, 1983, and 1998, have
been shown to be related to the occurrence of strong El Niño years (Wei et al.,
2021; W. Zhang et al., 2016), resulting in a rapid increase in grain size and
microplastic abundance.

5 Conclusions

We investigated the vertical distribution and characteristics of microplastics in
a core of the Yangtze Estuary and explored their relationships with plastic pro-
duction and extreme floods. In addition, the relationship between microplastics
and floods was further elaborated from the perspective of flood records and
periods. The main conclusions are as follows:

1. Microplastic abundance and polymer types exhibited increasing fluctua-
tions over time in CCYY1 (Yuantuo Point) in the Yangtze Estuary.

2. The distribution of the core is primarily affected by plastic production
and extreme floods. Microplastic abundance was significantly positively
correlated with global and Chinese plastic production as well as grain size
of sediments. Large amounts of terrigenous microplastics, resuspended
microplastics, and coarse sediment in river channels were transported to
the estuary zone during flood events, leading to a synchronous increase in
microplastic abundance and mean grain size of sediments.

3. The peak values of microplastic abundance, microplastic diversity, and
mean grain size of sediment were consistent with flood records in the mid-
dle and lower reaches of the Yangtze River, particularly in the catastrophic
floods of the whole basin in 1931, 1954, and 1998�1999. This indicates that
microplastics can be developed as a proxy index for palaeo-flood events.
The periods of 8 a and 22 a were significantly detected while analysing
the microplastic abundance, hydrology, and meteorology of the Yangtze
River, which was related to ENSO and solar activity.
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Figure 1. Vertical profile of the (a) quantity, (b) shape, (c) colour, (d) polymer
type, and (e) particle size characteristics of microplastics from 1878 to 2011 in
CCYY1.

Figure 2. Grain size and sand, silt, and clay content variations in CCYY1.
The dashed red line shows the diversion of the core into 3 stages according to
grain size characteristics.

Figure 3. (a) Relationship between microplastic abundance in CCYY1 and
plastic production in the world, China, and Yangtze Basin. The data source
of plastic production was illustrated in Text S4. (b) Time-frequency graph of
wavelet analysis for microplastic abundance in CCYY1. The colour bar on the
right side demonstrates the amplitude of a particular frequency at a particular
time, and high values represent substantially high amplitudes. The high ampli-
tude value area within the solid black line implies that the significance level (p)
is > 0.05.

Figure 4. Extreme flood events in the middle and lower Yangtze River identi-
fied by microplastic abundance and grain size index. Extreme flood events are
marked with orange blocks, corresponding 210Pb dating age, and actual date of
the floods.
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Introduction  

The supplementary information provided here was to supplement the article's 

information and assist readers in understanding our research. Text S1 introduced the 

natural and economic characteristics of the study area, the Yangtze Estuary and Yangtze 

River. Text S2-S4 provided the detailed analytical procedure in this study. Figure S1 

showed the location of the sampling core. Figure S2 displayed the excess 210Pb-depth 

relationship of CCYY1. Fig S3 showed the overview of microplastic characteristics in 

CCYY1, and Fig S4 showed the vertical distribution of microplastic abundance, diversity 

and sediment grain size. Table S1 compared the microplastic abundance of surface 

sediment with other research in Yangtze Estuary. 
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Text S1. Study Area 

The Yangtze Estuary, the estuary of the main stream of the Yangtze River, is in the 

Middle‒Lower Yangtze Plain and flows into the East China Sea. The tidal current in this 

area is dominated by regular semidiurnal tides. Chongming Island divides the Yangtze 

Estuary into the North Branch and South Branch (Fig. 1). The North Branch has 

historically been the main channel of the Yangtze River; however, its diversion ratio has 

been markedly declining since 1958, and recently, this ratio has decreased by 2‒3% (J. Li 

et al., 2019). Covering an area of 1.8 × 106 km2, the Yangtze River has a water discharge 

of 900 km3/year (globally ranking fifth) and a sediment discharge of 480 million 

tonnes/year (globally ranking fourth) (Milliman & Farnsworth, 2013). Owing to the 

enormous sediment supply, a wide tidal flat exists near the Yangtze Estuary (Wang et al., 

2017). Driven by the monsoon climate, water and sediment transport is more 

concentrated during the flood season (May to October), occasionally causing extreme 

floods (Zhao et al., 2015). The main stream of the Yangtze River flows through 11 

provinces of China, some of which include the Yangtze River Delta, the earliest 

industrialised and most developed area of China. The production of primary form plastics 

in these 11 provinces reached 25.19 Mt in 2019, accounting for 25.8% of the total plastic 

production in China (National Bureau of Statistics of China, 

https://data.stats.gov.cn/easyquery.htm?cn=E0103).  

 

Text S2. Procedures of microplastic analysis 

Pretreatment and identification. Samples weighing 20‒30 g (dry weight, dw) were 

placed in a 500-mL glass beaker. The heavy liquid was then used to float the 

microplastics three times. Subsequently, 300 mL of saturated sodium chloride (ρ:1.2 

g·cm–3) was added into the beaker for the first and second time, and saturated potassium 

iodide (ρ:1.66 g·cm–3) was added for the third time to improve the recovery rate. The 

turbid liquid was stirred for at least 1 min, and after 6 h, the supernatant was filtered 

through a filter membrane with a pore size of 20 μm. Finally, the filter membrane was 

air-dried before microscopic observation. The collected particles were analysed using a 

stereomicroscope (Leica, MC190, Germany) connected to a camera and image analysis 
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software (LAS V4.12, Germany) to measure and record length (longest axis), shape, and 

colour. All the suspected microplastic particles were selected according to the criteria 

proposed by Nor and Obbard (2014). The selected particles were analysed using micro-

Fourier transformed infrared spectroscopy (μ-FT-IR, Thermo Nicolet iN 10, Thermo 

Fisher, USA) in transmission mode to determine the polymer type. The obtained 

spectrum of selected particles was compared with the standard plastic spectrum in the 

reference polymer spectral library, and samples with a matching rate >70% were 

accepted as microplastics. 

Quality Control. Measures were undertaken to minimise potential microplastic 

contamination in the experimental processes. All the glass beakers and equipment were 

ultrasonicated and carefully rinsed three times in Milli-Q water before use. The saturated 

solution used in the experiment was first filtered through a 20-μm filter membrane. The 

equipment was covered with aluminium foil when not in use, and the operators wore 

cotton laboratory coats during the experiment. Laboratory blanks were analysed to 

estimate the background contamination in the process of microplastic extraction and 

identification, and the blank result (4.286 n/layer) was removed from the final 

microplastic statistical results. We excluded white fragments similar to PVC debris 

caused by core splitting to avoid pollution as much as possible.  

 

Text S3. 210Pb dating method 

The specific activity of 210Pb was obtained at 46.5 keV, and 226Ra was measured at 

351.9 keV emitted by its daughter isotope 214Pb by direct gamma spectrometry (Wan et 

al., 1987). The activity of 210Pbex (unsupported 210Pb) was calculated by subtracting the 

activity of 226Ra from the total activity of 210Pb. Radiometric 210Pb dates were calculated 

using a constant initial concentration dating model (CIC) (Appleby, 2002). The model 

can be expressed as follows:  

𝑁𝑁𝐻𝐻 = 𝑁𝑁0𝑒𝑒−𝜆𝜆𝜆𝜆 

where t is the age in years at depth H, λ is the decay constant for 210Pb (0.031/a), N0 is the 

activity of 210Pbex at the surface sediment (Bq/kg), and NH is the activity of 210Pbex at 

depth H. 
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Text S4. Statistical analyses 

Correlation between microplastic abundance and plastic production. Statistical 

analyses were performed using IBM SPSS Statistics, version 19 (IBM, USA). The 

variables were tested for normality using the Shapiro‒Wilk test and the Kolmogorov‒

Smirnov test to determine whether to select a parametric or non-parametric analysis. 

Moreover, the Spearman correlation analysis, a non-parametric method, was applied to 

analyse the relationships between plastic production parameters, sediment grain size, and 

microplastic abundance. Statistical significance was set at p<0.05. The plastic production 

data of China and the Yangtze River basin were collected from the study by F. Wang et 

al. (2018) (1951‒2000) and the National Bureau of Statistics of China 

(https://data.stats.gov.cn/easyquery.htm?cn=C01, 2001‒2019). Plastic production in the 

Yangtze River basin was estimated by totalling the annual plastic production of the 11 

provinces along the main stream of the Yangtze River, including Qinghai, Tibet (no 

data), Sichuan, Yunnan, Chongqing, Hubei, Hunan, Jiangxi, Anhui, Jiangsu, and 

Shanghai. Global plastic production data were obtained from Plastics Europe 

(https://www.plasticseurope.org/en/resources/market-data).  

Calculation of microplastic diversity. Microplastic diversity was calculated based 

on the Simpson’s diversity index (D) proposed by Simpson (1949), which was first used 

to judge the species diversity of an ecological community. The following formula was 

used: 

𝐷𝐷 = 1 − ∑ (𝑛𝑛𝑖𝑖
𝑁𝑁

)2𝑆𝑆
𝑖𝑖=1 , 

where i represents the type of microplastics, ni is the amount of the i-th microplastic, N is 

the total number of microplastics, and S is the quantity of microplastic types (T. Wang et 

al., 2018).  

Introduction of wavelet analysis. Wavelet analysis is a widely used method for 

evaluating localised variations in power within a time series (Torrence & Compo, 1998), 

particularly in earth science, such as the cycle of the El Nino-Southern Oscillation 

(Torrence & Webster, 1999) and glacial and interglacial periods (Debret et al., 2007). 

https://data.stats.gov.cn/easyquery.htm?cn=C01
https://www.plasticseurope.org/en/resources/market-data
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The period of microplastic abundance was measured using Software Past 4.03 in wavelet 

analysis (Hammer et al., 2001). 
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Figure S1. Map of the study area. (a) Schematic map of the coastal zone of China, with 

the Yangtze Estuary marked in red. (b) Yangtze Estuary and the location of CCYY1. The 

base map is derived from ERIS. The blue lines represent the waterway, the orange lines 

represent the roads, and urban areas are depicted in yellow. 
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Figure S2. Vertical distribution of excess 210Pb activity of CCYY1  
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Figure S3. Summary of the (a) shape, (b) colour, (c) polymer type and (d) particle size 

characteristics of microplastics (all layers combined). 
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Figure S4. Extreme flood events identified by microplastic index (including microplastic 

abundance, polymer type diversity (D_Ploymer) and mean diversity (D_mean)) and grain 

size index. Mean diversity is the average of shape diversity, colour diversity and polymer 

type diversity. Extreme flood events are marked with orange blocks. 
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Location Location type Microplastic 

abundance of surface 

sediment 

Reference 

South Branch of the 

Yangtze Estuary 

Tidal flat 3420±1.31 n/kg (dw) (Zhu et al., 2018) 

North Branch of the 

Yangtze Estuary 

Tidal flat 1734.675 n/kg (dw) This study 

A cruise along the 

Yangtze Estuary 

River course 121±9 n/kg (dw) (Peng et al., 2017) 

Yangtze Estuary -

Hangzhou Bay 

River course Flooding season: 

111.2±10.75 n/kg 

(dw); Dry season: 

200±17.3 n/kg (dw) 

(Xu et al., 2019) 

Nanhui tidal flat in 

the South Branch of 

the Yangtze Estuary 

Tidal flat 143±0.3 n/kg (dw) (Wu et al., 2020) 

South Branch of the 

Yangtze Estuary 

/ ~80 n/kg (dw) (Su et al., 2018) 

Chongming Island Shore of 

inland river 

and Yangtze 

River shore 

10-60 n/kg (dw) (Y. Li et al., 2020) 

Table S1. Comparison of microplastic abundance in surface sediment across the Yangtze 

Estuary   

Reference 
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Peng, G., Zhu, B., Yang, D., Su, L., Shi, H., & Li, D. (2017). Microplastics in sediments of 

the Changjiang Estuary, China. Environmental Pollution, 225, 283-290. 



 
 

13 
 

https://doi.org/10.1016/j.envpol.2016.12.064 

Su, L., Cai, H., Kolandhasamy, P., Wu, C., Rochman, C. M., & Shi, H. (2018). Using the 

Asian clam as an indicator of microplastic pollution in freshwater ecosystems. 

Environmental Pollution, 234, 347-355. 

https://doi.org/10.1016/j.envpol.2017.11.075 

Wu, F., Pennings, S. C., Tong, C., & Xu, Y. (2020). Variation in microplastics composition 

at small spatial and temporal scales in a tidal flat of the Yangtze Estuary, China. 

Science of The Total Environment, 699, 134252. 

https://doi.org/10.1016/j.scitotenv.2019.134252 

Xu, P., Peng, G. Y., Zhu, L. X., Bai, M. Y., & Li, D. J. (2019). Spatial-temporal distribution 

and pollution load of microplastics in the Changjiang Estuary. Zhongguo Huanjing 

Kexue/China Environmental Science, 39(5), 2071-2077. 

https://doi.org/10.19674/j.cnki.issn1000-6923.2019.0248 

Zhu, X. T., Yi, J., Qiang, L. Y., & Cheng, J. P. (2018). Distribution and Settlement of 

Microplastics in the Surface Sediment of Yangtze Estuary. Huanjing 

Kexue/Environmental Science, 39(5), 2067-2074. 

https://doi.org/10.13227/j.hjkx.201709032 

 

 

 

 

Data Set S1. Microplastic properties 

Data Set S2. Sediment grain size 

 

https://doi.org/10.1016/j.envpol.2016.12.064

	Text S1. Study Area
	Text S2. Procedures of microplastic analysis
	Text S3. 210Pb dating method
	Text S4. Statistical analyses
	Figure S1. Map of the study area. (a) Schematic map of the coastal zone of China, with the Yangtze Estuary marked in red. (b) Yangtze Estuary and the location of CCYY1. The base map is derived from ERIS. The blue lines represent the waterway, the oran...
	Figure S2. Vertical distribution of excess 210Pb activity of CCYY1
	Figure S3. Summary of the (a) shape, (b) colour, (c) polymer type and (d) particle size characteristics of microplastics (all layers combined).
	Figure S4. Extreme flood events identified by microplastic index (including microplastic abundance, polymer type diversity (D_Ploymer) and mean diversity (D_mean)) and grain size index. Mean diversity is the average of shape diversity, colour diversit...
	Table S1. Comparison of microplastic abundance in surface sediment across the Yangtze Estuary
	Data Set S1. Microplastic properties
	Data Set S2. Sediment grain size

