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The rapid increases in microplastics
in urban lake sediments

Mingtan Dong'?, Zejiao Luo'*, Qingfeng Jiang?, Xinli Xing', Qiaoqiao Zhang'? & Yue Sun?

Microplastics have received widespread attention as an emerging global pollutant. However, the
research on the abundance and characteristics of microplastics entering the environment throughout
history has been limited. Meanwhile, the determination of the start of the Anthropocene is important
because humans have become a vital force affecting the environment and Earth surface processes.

It is unclear whether the plastic can be used as an artefact to indicate the start of the Anthropocene.

In this study, combined with *37Cs, 21°Pb, and spherical carbonaceous particles (SCP) high-resolution
chronology, a microplastics-time curve was established by using the sedimentary record from an urban
lake in Wuhan city. The microplastic abundance increased from 741 items-kg ' to 7707 items-kg—* over
the past 60 years. The microplastics were mainly fibres and composed of polyester and rayon polymers,
which indicated that the microplastics most likely originated from textiles. The surfaces of the older
microplastics were rough and weathered with many absorbed elements. Microplastics are similar to
fossils belonging to the Anthropocene, and may be used as an indicator. The comparison of microplastic-
time curves in different records on a global scale will be necessary in the future.

Plastic is an important invention of the 20th century and has significantly modified our way of life, but several
properties of plastic, including being non-degradable and difficult to sort and recycle, also result in great harm
to the environment. In 2018, the world’s total plastic production reached 359 million tons, but only 47.1% of
waste plastics in Europe were properly disposed of recycling, energy recovery and landfill'. After plastic enters
the environment, it is broken down into pieces, and the pieces with sizes less than 5 mm are called microplastics
(MPs)% MPs are considered an emerging pollutant® because they have strong abilities to become enriched in
heavy metals*® and persistent organic pollutants (POPs)®’ and can affect the growth of organisms®. Since 2013,
extensive data have been accumulated on the spatial distribution of MPs in coastal areas®!°, oceans''2, rivers'>!*,
lakes'>'®, sediments'”!® and so0il'>?°. MPs have been found in remote areas**?, which confirmed that MPs could
be transported over long distances via the atmosphere?' and ocean currents'>!®, which makes MPs an extensive
global pollutant. However, it is unclear whether the characteristics of MPs change over time and there is no infor-
mation on the abundance and types of MPs that have entered the environment throughout history. Ostle et al.
reconstructed the changes in the contents of macroplastics in the North Atlantic seawater over the past 60 years
through the recording of entanglement events caused by plastics during the Continuous Plankton Recorder sur-
vey'®. Chiba et al. summarized the records of macroplastic debris found in the deep sea over the past 30 years®.
In the absence of long-term actual observation records, understanding and evaluating MPs pollution to select a
suitable sedimentary record to obtain information on MPs contamination throughout history is of great value.
Over the past century, plastics have been invented and released into the environment and a series of environ-
mental problems have also emerged, including increased CO, concentrations and global warming?, increased
extreme weather events such drought?, forest reductions®, accelerated species extinction®, and the introduction
of POPs such as organochlorine pesticides into the environment?”?. All of these impacts have signified that
human beings are a significant force affecting the Earth’s ecological environment®’ and profoundly altering the
planet. Under this background, the term “Anthropocene” was proposed by Crutzen®**! and has received exten-
sive attention over the last decade. However, geologists and geographers have disagreed about the time when the
Anthropocene began®*%*. At a recent conference of the International Commission on Stratigraphy, members of
the Anthropocene Working Group (AWG) decided to establish the Anthropocene as a new epoch and voted to
use the mid-twentieth century as the beginning of the Anthropocene®. The group will identify a global bound-
ary stratotype section and point (GSSP), which is commonly known as a “golden spike”, in the following years.
Plastic is widely used as a synthetic compound by humans and is also believed to indicate the beginning of the
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Figure 1. ¥Cs activity, !°Pbex activity, SCPs and MPs versus depth.
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Figure 2. Comparison of dating results derived from alternative ?°Pb models in the sediment cores.

Anthropocene®?”33%, but there is still lack of sufficient studies about (micro)plastics abundance and character-
istics versus time.

We selected the second-largest urban lake in China, Donghu Lake, as the study area and collected a sediment
column. The MPs with a detection limit of 100 um versus time were studied by the 2!°Pb chronological data,
Raman Spectrometer identification and scanning electron microscope. The changes in MPs abundance, length,
colour, polymer type, and surface features over time were studied, and the possibility of using MPs as an indicator
of the Anthropocene was discussed.

Results

The establishment of the time sequence. The variations in *’Cs, 2'°Pbex, SCPs, and MPs with depth
are given in Fig. 1. The CRS model was used to calculate the data, and the results are shown in Fig. 2. The activi-
ty-depth curve of ¥Cs did not conform to the typical unimodal distribution. The maximum value of 23.4 Bq-kg™
appeared at 34.8 cm in the middle of the sedimentary core, but it was uncertain whether this region represented
the peak of the 1963 nuclear boom. The large fluctuations in '*’Cs at the bottom of the sedimentary column indi-
cated that the bottom of the sediment core underwent a large disturbance in the historical period. At the same
time, '¥’Cs never fell to zero, indicating that the sediment should have originated after the nuclear tests in the
1950s. When the '¥’Cs maximum value was used as the 1963 time marker to correct the CRS, the resulting data
were older (Fig. 2), which did not satisfy the condition that the 1*”Cs content should be zero before the 1950s. The
137Cs-corrected CRS model was not suitable for calibration of 2!°Pb in this sediment core.
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Figure 3. The abundance of MPs versus time and comparison with synthetic fibre production worldwide.
The increase of microplastic abundance is significantly correlated with the exponential function and synthetic
fibre production worldwide over the same period (1959-2018). The synthetic fibre production worldwide was
linearly interpolated and the correlation coefficient between it and the microplastic abundance was calculated
(b). World synthetic fibre production data was from Statista®'.

SCPs were also detected at the bottom of the sediment. Based on the history of coal power generation in the
study area’, the bottom sediment was deposited after the 19505, and the result was consistent with the '*’Cs time
marker. The bottom sediment was set to 1959, and the entire sedimentary column data were corrected based on this
time marker. The SCP-corrected results that were obtained (Fig. 2) are well fitted to the '*’Cs activity. According to
the time of invention and use of plastic products, it was believed that the SCP-corrected results were reliable.

MPs abundance versus time. The MPs abundance-time curve was established from 1959 to 2018 (Fig. 3).
The MPs abundance ranged from 741~7707 items-kg~'; the minimum value appeared in 1971, and the maximum
abundance was located in the outermost layer of sediment, which appeared in 2018. The MPs abundance curve in
stages with the boundaries in 1993 and 2010. In 1993, and the MPs abundance before and after was doubled. In
2010, the MPs abundance changed from a decrease to an increase. Since1993, the MPs abundance has maintained
arapid growth trend. Two periods of rapid growth occurred from 1993~2004 and 2010~2018. From 1959 to 1993,
the MPs abundance was at a low level of 741~1797 items-kg ™!, and it exhibited conspicuously irregular fluctua-
tions. From 1993 to 2010, the MPs abundance increased significantly from 741~1797 items-kg ™! to 2764~4349
items-kg~!. The MPs abundance changed in a zigzag manner, but the overall trend was still rising. From 2010 to
2019, the abundance of MPs increased from 3112 items-kg™! to 7707 items-kg~'. MPs abundance-time changes
were exponentially and were significantly correlated with synthetic fibre production worldwide in the same
period. The MPs abundance-time curve in this study was consistent with the multidecadal increase in plastic
particles in coastal ocean sediments reported by Brandon et al.*’.

MPs length, colour, and polymer type versus time. The MPs were all composed of fibrous MPs and
long strips, with no debris or pellets. Li et al.*® also found that fibrous MPs were the major components of the MPs
in the lake sediments of the middle and lower reaches of the Yangtze River Basin. Therefore, the length instead of
the particle size was used to classify the MPs. In general, the colours of the MPs were mainly transparent and blue
(Fig. 4a), and the lengths of the MPs (Fig. 4b) were mainly 500~1000 and 1000~3000 pm. The percentage of large
MPs (3000~5000 jum) and other colours in the upper sediment were higher than in the lower.

The polymer types changed significantly with time (Fig. 4c). The MPs detected in the upper layer sediments
had the largest variety of polymer types, while the MPs detected in the lower layer sediments were all made up of
polyester (PET) and rayon (Ra). The MPs in the sediments were mainly PET and Ra (Fig. 4c) fibres. This result
confirms that the MPs in the historical period also most likely originated from textiles, because studies have
shown that 1900 microfibres could enter the environment when washing an adult garment®, and this number was
increased to 640,000 to 1,500,000 items-kg ™' in the latest research*.

MPs surface features versus time. The study of the surface feature of MPs changes with time, showing
that in the older sediment core, the surfaces of fibrous MPs were rough and irregular (Fig. 5a—c), and the surface
roughness of the MPs gradually decreased from the bottom to the top of the core. In the youngest sediments, the
MP surfaces were very smooth (Fig. 5g, h) with no visible trace of weathering. The fibrous MPs with more weath-
ering in the older sediments had more types of elements on the surface (Fig. 5a-d), while the MPs in the younger
sediments had merely five types of elements on the surface (Fig. 5h). The weathering of MPs in the environment
may affect the adsorption of elements.

Discussion

The uncertainty of time sequence. In order to easily find and separate MPs, the urban lake rather than
lakes in the remote area was chosen as the study area. However, this had caused great potential disturbances to
lake sediments because of the frequent human activities such as dredging, prospecting, tunnel construction, etc.,
consequently, brought the uncertainty of date results.
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Figure 4. The colours (a), length(b) and polymer types (c) of MPs versus time.

The CRS model assumes the sediment of lakes is mainly originate from the atmospheric deposition®®.
Although there is no river remittance in Donghu Lake, this assumption may be not corresponding with the
sediment character of Donghu Lake with the consideration of frequently human activities, urban construction
and expansion surrounding Donghu Lake. In this sediment core, the CRS data result was not consistent with the
appearance of 1¥’Cs, MPs and SCPs detected at the bottom of the core. If the maximum value of '*’Cs at 34.8 cm
was used as the 1963 time marker to correct CRS (Fig. 1), the corrected result would be consistent with the CRS
(Fig. 2), but it also cannot explain the appearance of *Cs, SCPs and MPs (Fig. 1) at 57 cm.

137Cs, SCPs and MPs have chronological meaning, and the data results need to be consistent with them. The
historical record of coal power generation in this area indicated that the SCPs appeared after 1958. If any middle
sediment layer was used as the time marker, the result would be older and not in accordance with the test results
of 1¥7Cs and MPs (Fig. 2). The maximum value of '*Cs at 35.7 cm and sub-maximum value at 43.1 cm shown that
the bottom sediment might be younger than in 1963. Thus, we believed 1959 should be the oldest time of the
bottom sediment combine with the above discussion, so we set the bottom sediment to 1959 and corrected the
data for the entire sedimentary column.

According to the SCPs-corrected CRS data (Fig. 2), the average deposition rate at the sampling site reached
0.95 cm-year™!, which is generally consistent with the deposition rates in other lakes in the middle and lower
reaches of the Yangtze River’®. Yang et al.*! (2004) measured a deposition rate of 0.87 cm-year™! in the same lake,
but the sampling site of this study was closer to land than the sampling site investigated in Yang et al. Therefore,
the deposition rate of 0.95 cm-year~! was reasonable.

MPs: a potential indicator of anthropocene. In stratigraphy, the first appearance of a fossil is usually
used as a sign of the beginning of a geological era, and the GSSP is usually established using first appearance
datum (FAD)*. The invention and extensive use of each plastic polymer are similar to the birth and prosperity
of each new species, and plastic may serve as a new fossil and should have an indication sense on the stratum for
the future geologist.

The crucial signs of entering the Anthropocene in geological history around the 1950s were the use of syn-
thetic chemical pesticides and the discharge of pollutants®’. The use of different chronological techniques com-
bined with analytical chemistry techniques to analyse chemical signals in different natural sedimentary records
enabled us to reconstruct historical emission trends. The chemical records that have been studied mainly include
records of Dichlorodiphenyltrichloroethane (DDT), Polycyclic aromatic hydrocarbons (PAHs), Polybrominated
diphenyl ethers (PBDEs), Polychlorinated biphenyls (PCBs), and heavy metals such as Pb, Hg, and Cr. MPs are
different from these chemical signals as they can be observed directly under a microscope after extraction from
the sediment records and appropriate pretreatment. This procedure may be more in line with the habits of tradi-
tional geologists. Different forms of PAHs may originate from forest fires*’, and elements such as Pb and Hg have
geochemical background values*%; however, MPs can be produced by only human activities. MPs are more in
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Figure 5. The surface feature and element composition of MPs versus time (lowercase letters correspond one-
to-one). Scale bars were 5 pm in figure b~h but 10 pm in figure (a). The surface of fibrous MPs extracted from
older sediment was rough and irregular (a,b,c), and the surface of MPs extracted from younger sediment was
smooth (g,h).

accordance with the definition of the Anthropocene as an artificial object and can be used to explain the impact
of humans on the environment.

SCPs can also be used as a globally synchronous stratigraphic marker to indicate the Anthropocene®.
Compared with SCPs, MPs have different polymer types. Each polymer type was invented at different times.
It is possible to achieve an accurate division of the stratum by more detailed stratification and identification of
polymer types. The first appearances of different MPs polymer types detected in this research are shown in Fig. 4,
and these times appeared after the invention of these polymers*®. However, because of the lack of records on the
production and use of plastics in this study area, we were unable to compare the first appearance time in this
sediment core with the actual record.

Prospects: what we need to consider. MPs could be a potential indicator of the Anthropocene because
it is numerous, widely distributed and proven to be transportable over long distances?!, but there are still some
problems that need to be considered. First, in this study, we are unable to obtain a long enough sediment column.
Therefore, it is not possible to differentiate the Holocene- Anthropocene boundary because of the absence of MPs
information early before the 1960s. Brandon et al.*” established a reliable sediment chronological sequence and
studied the plastic from 1834 to 2009. However, the detection of plastic in sediments from 1834 to 1945, which
was explained to sample contamination and removed as a ‘baseline’ of the pre-industrial period, made the results
seem to be uncertain. Thus, the establishment and comparison of (micro)plastic-time curve on a large-scale is
necessary and important for evaluating the possibility of whether (micro)plastic could be one indicator of the
Anthropocene. Secondly, studies show that the proportion of small particle size (a few microns to submicron)
MPs in the environment is significantly higher than the MPs of hundreds micron*”*® and the smaller MPs are
more easily vertically migrate* in soils. Therefore, it is essential to focus on small-sized MPs in sediment and
carefully evaluate the potential vertical migration of MPs in further studies. Thirdly, the persistence of (micro)
plastic in the environment needs to be further evaluated because MPs were apparent weathered in about 60 years
(Fig. 5). It is unclear whether the weathering of MPs is a process merely physical-chemical or with microbial par-
ticipation. Roager and Sonnenschein®® reported the degradation of marine plastic debris with the colonization of
bacteria. The persistence of (micro)plastic will affect the effectiveness of using MPs as a potential indicator of the
Anthropocene in the future.
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Figure 6. Location of the study area (a) and sampling site (b) and sediment core (c). Donghu Lake is
surrounded by Wuhan city. It was once the largest urban lake in China, but with the expansion of Wuhan city,
it was displaced by another lake in Wuhan city in 2014. The core was made by the muddy sediment without
lamination or annual varves. The remote sensing base map was from Google Earth, Maxar Technologies, and
the figure was created by ArcMap 10.6.

Methods

Study area and sample collection. The sampling site (114°21/51.27"E, 30°32/57.58"N) is located in
Donghu Lake (Fig. 6a, b), Wuhan City, Hubei Province, China. Donghu Lake is the second-largest urban lake in
China, with an area of approximately 33 km?, average water depth of approximately 2.8 m and a maximum water
depth of approximately 3.1 m>!. Over the past 60 years, because of the expansion of Wuhan city and frequent
human activities, Donghu Lake has been the collection area for household, industrial and agricultural wastewater,
which allow for the sediments of Donghu Lake to be used as a possible record of the MPs produced by human
activities throughout this historical period.

In May 2019, sediment cores were collected by a piston gravity sampler. A total of 41 samples were obtained
by cutting a 57 cm column at a 1.4 cm interval in the field. This 57 cm column was the longest core we could col-
lect (Fig. 6¢). The water-sediment interface was ensured to be clear when sampling to ensure no disturbance to
surface sediments. The sampling point was approximately 300 m away from the shore to avoid disturbance to the
sediment by human activities as far as possible.

MPs extraction, visual identification and quantification. The oil extraction protocol proposed by
Crichton et al.>> was used for the extraction of MPs, and the recovery rates were re-calibrated to verify the relia-
bility of the results. First, 15~20 g (wet weight) of sediments were weighed in a 250 mL Erlenmeyer flask. Second,
approximately 5mL of oil (Corn oil, Longevity Flower, China) and 100 mL of water were added to the Erlenmeyer
flask, which was shaken for approximately 30 seconds and allowed to settle for approximately 20~40 minutes.
Then, the supernatant was emptied onto a millipore filter (Nylon, 5pum pore, 47 mm diameter, INTENG, China)
and filtered using a vacuum filtration set up. The above process was repeated three times. Finally, the filter was
rinsed with absolute ethanol (Analytical purity, Sinopharm Chemical Reagent Co., Ltd, China) to remove the
interference of residual oil from the MPs for Raman identification. The millipore filter was removed and trans-
ferred to a storage box.

Recovery rate experiments were performed using sediments collected from the same location prior to pro-
cessing the actual samples. Four polymer types, commercial and food-grade plastics of polyvinyl chloride (PVC),
polyethylene terephthalate (PET), polypropylene (PP) and polystyrene (PS), were selected as standards with dif-
ferent colours and were triturated and sieved to 35~60 mesh (approximately 0.25~0.50 mm). A sediment sample
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of 15 g (wet weight) was weighed, and 10 standard MPs of each polymer type were added for a total of 40 MPs.
The standard MPs were extracted according to the protocol and counted under the microscope to calculate the
recovery rate. The recovery rate experiment was carried out in three groups. The total recovery was 90.8 & 1.44%,
and the recovery rates for PVC, PET, PP, and PS were 100 4= 0.00%, 90.0 £ 10.0%, 86.7 == 11.5%, and 86.7 - 5.77%,
respectively.

The MPs were observed and counted using a stereomicroscope equipped with an electronic eyepiece
(XTL165-MT, Phenix, China). The shape, colours, and length of the MPs were recorded. The limit of MPs
detected was 100 um to 5000 pm because studies have shown that visual identification was usually inaccurate in
the identification of MPs with small-size™. Samples were stored at room temperature, but all extraction process-
ing was completed within 14 days after sampling. Based on the stereomicroscope visual identification counting
results, MPs abundance is expressed as items per kilogram dry mass of sediment (items-kg™?).

Raman analysis. A confocal laser Raman spectrometer (LabRAM HR Evolution, HORIBA, Japan) equipped
with a 532 nm and 633 nm laser was used to identify the MP polymer type. From 41 sediment samples, 8 sam-
ples were selected, and all the MPs in these 8 samples were identified one at a time. Spectra were collected in
the spectrum range of 300~3300 cm ™! using an acquisition time of 10 seconds with two accumulations and a
0.1~5% power filter (usually 1%) to avoid burning through the MPs. For each MP, we chose different locations
and switched the 532 nm and 633 nm laser using a fast switcher to avoid fluorescence interference to obtain a
spectrum of sufficient quality.

Because the Raman spectrometer was not equipped with a spectra database, all common polymer types of
plastic were scanned in advance to collect their spectra under the same conditions to establish the standard spec-
tra of plastics. A total of 19 spectra of 8 polymer types were obtained and composed of the database. The spectra
of MPs in the sediment were compared to standard spectra to identify the polymer type. All Raman analyses
were completed at the State Key Laboratory of Geological Processes and Mineral Resources, China University of
Geosciences (Wuhan).

SEM-EDS analysis. A scanning electron microscope (GeminiSEM 300, Zeiss) was used to obtain the sur-
face features of the MPs. The magnification was 500~5000 %, and the acceleration voltage was 3 kV. An energy
dispersive spectrometer (Oxford X-MAX) was used to obtain the element mapping of the MP surface. SEM-EDS
analysis was performed by Wuhan Sousepad Testing Technology Co., Ltd.

137Cs and 2%Pb test.  Approximately 30 g (wet weight) of the sediments were weighed accurately, dried at
105 °C to constant weight and weighed to calculate the water content. The dried sediments were triturated, placed
in 5mL Eppendorf tubes, and accurately weighed. The processed sediments were left for three weeks to be radio-
actively equilibrated for chronological testing. The samples were tested for radioactive elements of 1*’Cs, 21°Pb and
226Ra using a gamma spectrometer (Ortec HPGe GWL). The counting time was 43200 seconds (12 hours), and
the activities of the above radioactive elements were read at the detection spectra of 661 keV, 46.5 keV and 295
keV. The 1¥7Cs and 21°Pb test was completed at the School of Geographic Science of Nantong University.

SCP counting. Spherical carbonaceous particles (SCPs) originate from the combustion of fossil fuels in the
power industry. SCPs are very stable in sediments and do not easily migrate. SCPs can be used to correct the age
of the constant rate of supply (CRS)*¢. The experimental procedure followed the improved method provided
by Rose**. The SCPs in the sediments were extracted using HNO;, HF, and HCL. Particles larger than 8 pm
were identified and counted using an Olympus BX40 microscope at 400 x magnification. SCP concentrations are
expressed as grains per gram dry mass of sediment (grain/g).

Blank control. During the sampling and experiment, all materials were glassware except for the piston grav-
ity sampler produced by Polymethylmethacrylate (PMMA). Experimenters wore cotton overalls instead of chem-
ical fibre clothes. The Erlenmeyer flask and other vessels were covered with tin foil at all times while waiting for
the filtration to complete to avoid possible entry of MPs into the container. The oil and water used in the experi-
ments were previously filtered through 1 um millipore filters to remove potential MPs. The visual counting of MPs
was performed by two experienced laboratory technicians to maximize the accuracy of visual identification. MPs
extraction was completed in the fume hood. Three sets of atmospheric blank control groups were set up in the
experiment without observing MPs larger than the detection limit. In all processes and tests, parallel samples were
tested for every 10 tests. The relative deviation of the parallel double samples was required to be less than 20%.

Data calculation. The constant rate of supply (CRS) model was used to calculate the age of the sediment™®*”.
This model assumes that !°Pb was mainly from atmospheric deposition, and the 2°Pb brought by the source area
had little effect on its inventory. The deposition flux was constant, but the deposition rate varied with time. The
time-depth relationship was obtained by integrating the specific activity of ?!’Pbex in the sediment core. However,
219Ph dating may be inaccurate in the relatively complex sedimentary environment in the middle reaches of the
Yangtze River due to the high precipitation and high erosion intensity. Thus, the 1963 '*’Cs time marker*® and the
SCP time marker™*” were used to correct the CRS model. The calculation and correct method were provided by
Chen et al. (2019)%°.

Received: 11 September 2019; Accepted: 8 January 2020;
Published online: 21 January 2020

SCIENTIFIC REPORTS |

(2020) 10:848 | https://doi.org/10.1038/s41598-020-57933-8


https://doi.org/10.1038/s41598-020-57933-8

www.nature.com/scientificreports/

References

1.

w

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.
29.
30.
31.
32.

33.

37.

38.

39.

40.

41.

PlasticsEurope. Plastics — the Facts 2019, Print at https://www.plasticseurope.org/en/resources/publications/1804-plastics-
facts-2019 (cited in 11/01/2020).

. Thompson, R. C. et al. Lost at sea: where is all the plastic? Sci. 304, 838, https://doi.org/10.1126/science.1094559 (2004).
. Browne, M. A, Galloway, T. S. & Thompson, R. C. Microplastic—an emerging contaminant of potential concern? Integr. Environ.

Assess. Manag. 3, 559-561 (2007).

. Rochman, C. M., Hentschel, B. T. & Teh, S. J. Long-term sorption of metals is similar among plastic types: implications for plastic

debris in aquatic environments. PLoS One 9, 85433, https://doi.org/10.1371/journal.pone.0085433 (2014).

. Brennecke, D., Duarte, B., Paiva, F.,, Cagador, I. & Canning-Clode, J. Microplastics as vector for heavy metal contamination from the

marine environment. Estuarine, Coast. Shelf Sci. 178, 189-195, https://doi.org/10.1016/j.ecss.2015.12.003 (2016).

. Heskett, M. et al. Measurement of persistent organic pollutants (POPs) in plastic resin pellets from remote islands: toward

establishment of background concentrations for International Pellet Watch. Mar. Pollut. Bull. 64, 445-448, https://doi.org/10.1016/j.
marpolbul.2011.11.004 (2012).

. Koelmans, A. A., Besseling, E., Wegner, A. & Foekema, E. M. Plastic as a carrier of POPs to aquatic organisms: a model analysis. Env.

Sci. Technol. 47, 7812-7820, https://doi.org/10.1021/es401169n (2013).

. Galloway, T. S., Cole, M. & Lewis, C. Interactions of microplastic debris throughout the marine ecosystem. Nat. Ecol. Evol. 1, 116,

https://doi.org/10.1038/541559-017-0116 (2017).

. Brate, I. L. N. et al. Mytilus spp. as sentinels for monitoring microplastic pollution in Norwegian coastal waters: A qualitative and

quantitative study. Env. Pollut. 243, 383-393, https://doi.org/10.1016/j.envpol.2018.08.077 (2018).

Hidalgo-Ruz, V. & Thiel, M. Distribution and abundance of small plastic debris on beaches in the SE Pacific (Chile): a study
supported by a citizen science project. Mar. Env. Res. 87-88, 12-18, https://doi.org/10.1016/j.marenvres.2013.02.015 (2013).
Cincinelli, A. et al. Microplastic in the surface waters of the Ross Sea (Antarctica): Occurrence, distribution and characterization by
FTIR. Chemosphere 175, 391-400, https://doi.org/10.1016/j.chemosphere.2017.02.024 (2017).

Cozar, A. et al. Plastic debris in the open ocean. Proc. Natl Acad. Sci. USA 111, 10239-10244, https://doi.org/10.1073/
pnas.1314705111 (2014).

Ding, L. et al. Microplastics in surface waters and sediments of the Wei River, in the northwest of China. Sci. Total. Env. 667,
427-434, https://doi.org/10.1016/j.scitotenv.2019.02.332 (2019).

Horton, A. A., Svendsen, C., Williams, R. J., Spurgeon, D. J. & Lahive, E. Large microplastic particles in sediments of tributaries of
the River Thames, UK - Abundance, sources and methods for effective quantification. Mar. Pollut. Bull. 114, 218-226, https://doi.
org/10.1016/j.marpolbul.2016.09.004 (2017).

Eriksen, M. et al. Plastic Pollution in the World's Oceans: More than 5 Trillion Plastic Pieces Weighing over 250,000 Tons Afloat at
Sea. PLoS One 9, e111913, https://doi.org/10.1371/journal.pone.0111913 (2014).

Ostle, C. et al. The rise in ocean plastics evidenced from a 60-year time series. Nat. Commun. 10, 1622, https://doi.org/10.1038/
$41467-019-09506-1 (2019).

Phuong, N. N., Poirier, L., Lagarde, F, Kamari, A. & Zalouk-Vergnoux, A. Microplastic abundance and characteristics in French
Atlantic coastal sediments using a new extraction method. Env. Pollut. 243, 228-237, https://doi.org/10.1016/j.envpol.2018.08.032
(2018).

Van Cauwenberghe, L., Vanreusel, A., Mees, J. & Janssen, C. R. Microplastic pollution in deep-sea sediments. Env. Pollut. 182,
495-499, https://doi.org/10.1016/j.envpol.2013.08.013 (2013).

Liu, M. et al. Microplastic and mesoplastic pollution in farmland soils in suburbs of Shanghai, China. Env. Pollut. 242, 855-862,
https://doi.org/10.1016/j.envpol.2018.07.051 (2018).

Zhang, G. S. & Liu, Y. E. The distribution of microplastics in soil aggregate fractions in southwestern China. Sci. Total. Env. 642,
12-20, https://doi.org/10.1016/j.scitotenv.2018.06.004 (2018).

Allen, S. et al. Atmospheric transport and deposition of microplastics in a remote mountain catchment. Nat. Geosci. 12, 339-344,
https://doi.org/10.1038/s41561-019-0335-5 (2019).

Bergmann, M. et al. White and wonderful Microplastics prevail in snow from the Alps to the Arctic. Sci. Adv. 5, 10, https://doi.
org/10.1126/sciadv.aax1157 (2019).

Chiba, S. et al. Human footprint in the abyss: 30 year records of deep-sea plastic debris. Mar. Policy 96, 204-212, https://doi.
org/10.1016/j.marpol.2018.03.022 (2018).

Zalasiewicz, J. et al. A formal Anthropocene is compatible with but distinct from its diachronous anthropogenic counterparts: a
response to W.E. Ruddiman’s ‘three flaws in defining a formal Anthropocene’. Prog. Phys. Geography: Earth Environ. 43, 319-333,
https://doi.org/10.1177/0309133319832607 (2019).

Allen, C. D, Breshears, D. D. & McDowell, N. G. On underestimation of global vulnerability to tree mortality and forest die-off from
hotter drought in the Anthropocene. Ecosphere 6, https://doi.org/10.1890/es15-00203.1 (2015).

Dirzo, R. et al. Defaunation in the Anthropocene. Sci. 345, 401-406, https://doi.org/10.1126/science.1251817 (2014).

Gatluszka, A., Migaszewski, Z. M. & Namiesnik, J. The role of analytical chemistry in the study of the Anthropocene. TrAC. Trends
Anal. Chem. 97, 146-152, https://doi.org/10.1016/j.trac.2017.08.017 (2017).

Kurek, J., MacKeigan, P. W,, Veinot, S., Mercer, A. & Kidd, K. A. Ecological Legacy of DDT Archived in Lake Sediments from Eastern
Canada. Environ Sci Technol, https://doi.org/10.1021/acs.est.9b01396 (2019).

Lewis, S. L. & Maslin, M. A. Defining the anthropocene. Nat. 519, 171-180, https://doi.org/10.1038/nature14258 (2015).

Crutzen, P. ]. Geology of mankind. Nat. 415, 23-23, https://doi.org/10.1038/415023a (2002).

Crutzen, P. ]. The effects of industrial and agricultural practices on atmospheric chemistry and climate during the anthropocene. J.
Environ. Sci. Health Part. a-Toxic/Hazardous Substances Environ. Eng. 37, 423-424, https://doi.org/10.1081/ese-120003224 (2002).
Ruddiman, W. E. Reply to Anthropocene Working Group responses. Prog. Phys. Geography: Earth Environ. 43, 345-351, https://doi.
0rg/10.1177/0309133319839926 (2019).

Zalasiewicz, J. et al. The geological cycle of plastics and their use as a stratigraphic indicator of the Anthropocene. Anthropocene 13,
4-17, https://doi.org/10.1016/j.ancene.2016.01.002 (2016).

. Subramanian, M. Anthropocene now: influential panel votes to recognize Earth’s new epoch. Nature (2019).
. Subramanian, M. Humans versus Earth: the quest to define the Anthropocene. Nat. 572, 168-170 (2019).
. Chen, X. et al. Determination of geochronology and sedimentation rates of shallow lakes in the middle Yangtze reaches using 210Pb,

137Cs and spheroidal carbonaceous particles. Catena 174, 546-556, https://doi.org/10.1016/j.catena.2018.11.041 (2019).

Brandon, J., Jones, W. & Ohman, M. D. Multidecadal increase in plastic particles in coastal ocean sediments. Science Advances 5
(2019).

Li, L. et al. Microplastics contamination in different trophic state lakes along the middle and lower reaches of Yangtze River Basin.
Environmental Pollution, https://doi.org/10.1016/j.envpol.2019.07.119 (2019).

Browne, M. A. et al. Accumulation of microplastic on shorelines worldwide: sources and sinks. Env. Sci. Technol. 45, 9175-9179,
https://doi.org/10.1021/es201811s (2011).

De Falco, E, Di Pace, E., Cocca, M. & Avella, M. The contribution of washing processes of synthetic clothes to microplastic pollution.
Sci. Rep. 9, 6633, https://doi.org/10.1038/s41598-019-43023-x (2019).

Yang, H., Yi, C,, Xing, Y. & Yang, T. A comparative study on recent sedimentation rates in Lake Donghu, Wuhan with 2! Pb and *’Cs
dating techniques. J. Cent. China Norm. Univ. 38, 109-113 (2004).

SCIENTIFIC REPORTS |

(2020) 10:848 | https://doi.org/10.1038/s41598-020-57933-8


https://doi.org/10.1038/s41598-020-57933-8
https://www.plasticseurope.org/en/resources/publications/1804-plastics-facts-2019
https://www.plasticseurope.org/en/resources/publications/1804-plastics-facts-2019
https://doi.org/10.1126/science.1094559
https://doi.org/10.1371/journal.pone.0085433
https://doi.org/10.1016/j.ecss.2015.12.003
https://doi.org/10.1016/j.marpolbul.2011.11.004
https://doi.org/10.1016/j.marpolbul.2011.11.004
https://doi.org/10.1021/es401169n
https://doi.org/10.1038/s41559-017-0116
https://doi.org/10.1016/j.envpol.2018.08.077
https://doi.org/10.1016/j.marenvres.2013.02.015
https://doi.org/10.1016/j.chemosphere.2017.02.024
https://doi.org/10.1073/pnas.1314705111
https://doi.org/10.1073/pnas.1314705111
https://doi.org/10.1016/j.scitotenv.2019.02.332
https://doi.org/10.1016/j.marpolbul.2016.09.004
https://doi.org/10.1016/j.marpolbul.2016.09.004
https://doi.org/10.1371/journal.pone.0111913
https://doi.org/10.1038/s41467-019-09506-1
https://doi.org/10.1038/s41467-019-09506-1
https://doi.org/10.1016/j.envpol.2018.08.032
https://doi.org/10.1016/j.envpol.2013.08.013
https://doi.org/10.1016/j.envpol.2018.07.051
https://doi.org/10.1016/j.scitotenv.2018.06.004
https://doi.org/10.1038/s41561-019-0335-5
https://doi.org/10.1126/sciadv.aax1157
https://doi.org/10.1126/sciadv.aax1157
https://doi.org/10.1016/j.marpol.2018.03.022
https://doi.org/10.1016/j.marpol.2018.03.022
https://doi.org/10.1177/0309133319832607
https://doi.org/10.1890/es15-00203.1
https://doi.org/10.1126/science.1251817
https://doi.org/10.1016/j.trac.2017.08.017
https://doi.org/10.1021/acs.est.9b01396
https://doi.org/10.1038/nature14258
https://doi.org/10.1038/415023a
https://doi.org/10.1081/ese-120003224
https://doi.org/10.1177/0309133319839926
https://doi.org/10.1177/0309133319839926
https://doi.org/10.1016/j.ancene.2016.01.002
https://doi.org/10.1016/j.catena.2018.11.041
https://doi.org/10.1016/j.envpol.2019.07.119
https://doi.org/10.1021/es201811s
https://doi.org/10.1038/s41598-019-43023-x

www.nature.com/scientificreports/

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Jin, Y. et al. The Global Stratotype Section and Point (GSSP) for the boundary between the Capitanian and Wuchiapingian stage
(Permian). Epis. 29, 253-262 (2006).

Denis, E. H. et al. Polycyclic aromatic hydrocarbons (PAHs) in lake sediments record historic fire events: Validation using HPLC-
fluorescence detection. Org. Geochem. 45, 7-17, https://doi.org/10.1016/j.orggeochem.2012.01.005 (2012).

Rodrigues, A. S. D. & Nalini, H. A. Geochemical background values and its implications in environmental studies. Rem-Revista Esc.
De. Minas 62, 155-165 (2009).

Rose, N. L. Spheroidal carbonaceous fly ash particles provide a globally synchronous stratigraphic marker for the Anthropocene.
Env. Sci. Technol. 49, 4155-4162, https://doi.org/10.1021/acs.est.5b00543 (2015).

Bellis, M. A Brief History of the Invention of Plastics, Print at https://www.thoughtco.com/history-of-plastics-1992322 (cited in
11/01/2020).

Araujo, C. E, Nolasco, M. M., Ribeiro, A. M. P. & Ribeiro-Claro, P. J. A. Identification of microplastics using Raman spectroscopy:
Latest developments and future prospects. Water Res. 142, 426-440, https://doi.org/10.1016/j.watres.2018.11.077 (2018).

Enders, K., Lenz, R., Stedmon, C. A. & Nielsen, T. G. Abundance, size and polymer composition of marine microplastics
>/=10mum in the Atlantic Ocean and their modelled vertical distribution. Mar. Pollut. Bull. 100, 70-81, https://doi.org/10.1016/].
marpolbul.2015.09.027 (2015).

O'Connor, D. et al. Microplastics undergo accelerated vertical migration in sand soil due to small size and wet-dry cycles. Env. Pollut.
249, 527-534, https://doi.org/10.1016/j.envpol.2019.03.092 (2019).

Roager, L. & Sonnenschein, E. C. Bacterial Candidates for Colonization and Degradation of Marine Plastic Debris. Env. Sci. Technol.
53,11636-11643, https://doi.org/10.1021/acs.est.9b02212 (2019).

Yang, H., Yi, C, Xie, P, Xing, Y. & Ni, L. Sedimentation rates, nitrogen and phosphorus retentions in the largest urban Lake Donghu,
China. J. Radioanalytical Nucl. Chem. 267, 205-208, https://doi.org/10.1007/s10967-006-0028-6 (2005).

Crichton, E. M., Noél, M., Gies, E. A. & Ross, P. S. A novel, density-independent and FTIR-compatible approach for the rapid
extraction of microplastics from aquatic sediments. Anal. Methods 9, 1419-1428, https://doi.org/10.1039/c6ay02733d (2017).
Lenz, R, Enders, K., Stedmon, C. A., Mackenzie, D. M. A. & Nielsen, T. G. A critical assessment of visual identification of marine
microplastic using Raman spectroscopy for analysis improvement. Mar. Pollut. Bull. 100, 82-91, https://doi.org/10.1016/j.
marpolbul.2015.09.026 (2015).

Rose, N. L. A note on further refinements to a procedure for the extraction of carbonaceous fly-ash particles from sediments. J.
Paleolimnology 11, 201-204 (1994).

Rose, N. L. Quality control in the analysis of lake sediments for spheroidal carbonaceous particles. Limnology Oceanography-
Methods 6,172-179, https://doi.org/10.4319/lom.2008.6.172 (2008).

Appleby, P. G. & Oldfield, E. The assessment of Pb-210 data from sites with varying sediment accumulation rates. Hydrobiologia 103,
29-35, https://doi.org/10.1007/bf00028424 (1983).

Turner, L. J. & Delorme, L. D. Assessment of Pb-210 data from Canadian lakes using the CIC and CRS models. Environ. Geol. 28,
78-87, https://doi.org/10.1007/5002540050080 (1996).

Callaway, J. C., DeLaune, R. D. & Patrick, W. H. Chernobyl Cs-137 used to determine sediment accretion rates at selected northern
European coastal wetlands. Limnology Oceanography 41, 444-450, https://doi.org/10.4319/10.1996.41.3.0444 (1996).

Yang, H. D., Rose, N. L. & Battarbee, R. W. Dating of recent catchment peats using spheroidal carbonaceous particle (SCP)
concentration profiles with particular reference to Lochnagar, Scotland. Holocene 11, 593-597, https://doi.
org/10.1191/095968301680223549 (2001).

Rose, N. L., Harlock, S., Appleby, P. G. & Battarbee, R. W. Dating of recent lake-sediments in the United-Kingdom and Ireland using
spheroidal carbonaceous particle (SCP) concentration profiles. Holocene 5, 328-335, https://doi.org/10.1177/095968369500500308
(1995).

Statista. Synthetic fiber production worldwide from 1940 to 2015. https://www.statista.com/statistics/741368/world-synthetic-fiber-
production/ (2018).

Acknowledgements

We acknowledge Xu Chen, Weilan Xia, Zhenbing She, Yu Chen, Xuan Wang, Lingyi Song, Jing Shang, Zhaoyun
Liu, and Xiangmin Chen for field and laboratory assistance. This study was supported by the National Key
Research and Development Program of China (No. 2017YFD0801005), the National Natural Science Foundation
of China (No. 41672246), and the Fund for Hubei Technology Innovation (No. 2017ACA092).

Author contributions

M.D. designed this study, undertook all the field sampling, laboratory processing, analysis and authored the
manuscript. Z.L. provided financial support, participated in the study design and assisted in the preparation of
the manuscript. J.Q. provided chronology test support and contributed to the manuscript. X.X. provided study
design and analytical guidance and assisted in the revision of the manuscript. Q.Z. and Y.S. undertook all the field
sampling and laboratory processing, assisted in the sample preparation and identification.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-57933-8.

Correspondence and requests for materials should be addressed to Z.L.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

SCIENTIFIC REPORTS |

(2020) 10:848 | https://doi.org/10.1038/s41598-020-57933-8


https://doi.org/10.1038/s41598-020-57933-8
https://doi.org/10.1016/j.orggeochem.2012.01.005
https://doi.org/10.1021/acs.est.5b00543
https://www.thoughtco.com/history-of-plastics-1992322
https://doi.org/10.1016/j.watres.2018.11.077
https://doi.org/10.1016/j.marpolbul.2015.09.027
https://doi.org/10.1016/j.marpolbul.2015.09.027
https://doi.org/10.1016/j.envpol.2019.03.092
https://doi.org/10.1021/acs.est.9b02212
https://doi.org/10.1007/s10967-006-0028-6
https://doi.org/10.1039/c6ay02733d
https://doi.org/10.1016/j.marpolbul.2015.09.026
https://doi.org/10.1016/j.marpolbul.2015.09.026
https://doi.org/10.4319/lom.2008.6.172
https://doi.org/10.1007/bf00028424
https://doi.org/10.1007/s002540050080
https://doi.org/10.4319/lo.1996.41.3.0444
https://doi.org/10.1191/095968301680223549
https://doi.org/10.1191/095968301680223549
https://doi.org/10.1177/095968369500500308
https://www.statista.com/statistics/741368/world-synthetic-fiber-production/
https://www.statista.com/statistics/741368/world-synthetic-fiber-production/
https://doi.org/10.1038/s41598-020-57933-8
http://www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS | (2020) 10:848 | https://doi.org/10.1038/s41598-020-57933-8


https://doi.org/10.1038/s41598-020-57933-8
http://creativecommons.org/licenses/by/4.0/

	The rapid increases in microplastics in urban lake sediments

	Results

	The establishment of the time sequence. 
	MPs abundance versus time. 
	MPs length, colour, and polymer type versus time. 
	MPs surface features versus time. 

	Discussion

	The uncertainty of time sequence. 
	MPs: a potential indicator of anthropocene. 
	Prospects: what we need to consider. 

	Methods

	Study area and sample collection. 
	MPs extraction, visual identification and quantification. 
	Raman analysis. 
	SEM-EDS analysis. 
	137Cs and 210Pb test. 
	SCP counting. 
	Blank control. 
	Data calculation. 

	Acknowledgements

	Figure 1 137Cs activity, 210Pbex activity, SCPs and MPs versus depth.
	Figure 2 Comparison of dating results derived from alternative 210Pb models in the sediment cores.
	Figure 3 The abundance of MPs versus time and comparison with synthetic fibre production worldwide.
	Figure 4 The colours (a), length(b) and polymer types (c) of MPs versus time.
	Figure 5 The surface feature and element composition of MPs versus time (lowercase letters correspond one-to-one).
	Figure 6 Location of the study area (a) and sampling site (b) and sediment core (c).




