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HIGHLIGHTS GRAPHICAL ABSTRACT

Microp]asﬁcs in sediments from lakeshores Distribution of microplastic abundances (items/kg, dm) in sediments of different lake areas
to center of the lake was investigated.
Microplastic trends in sediments of differ-
ent areas of Qinghai Lake were different.
Lake surface sediments were dominated by
small transparent fibers of polypropylene. o
Microplastic distributions associated with Heimahe Town
hydrodynamics and environmental factors

ARTICLE INFO ABSTRACT

Editor: Yolanda Picé Although several studies of microplastics (MPs) with size <5 mm in lake sediments focused on lakeshore areas, there
have been no studies of distributions of MPs from lakeshores to the center of a lake. To test our hypothesis that MPs

Kle)’W‘”jS-'b decrease from lakeshore to the center, a study was conducted on the largest brackish lake on the remote and high-

Plastic debris

altitude Tibetan Plateau, China. Abundances and characteristics of MPs in 14 samples of surface sediment collected

?::Ete :’ke from a river bay, a lake bay, and a lake central area were investigated. Distributions were influenced by river inflow,
S edimI::ltation tourism, and minimal activity of humans, respectively around Qinghai Lake. The mean abundance of MPs in sediments
Hydrological processes of Qinghai Lake was 393 * 457 items/kg, dry mass (dm). Based on the range of MP abundances in surface sediments

Environmental factors of lakes worldwide, Qinghai Lake was classified as being moderately polluted with MPs. The dominant color, shape,
size, and polymer type of MPs in sediments were transparent, fiber, 0.05-1 mm, and polypropylene, respectively.
The river bay had a mean abundance of MPs two-fold greater than either the bay or central area of the lake. This in-
dicates that the river catchment caused more pollution with MPs, while the central area of the lake was not a sink
for MPs. Spatial trends of MPs in sediments from the shore to the center of the lake differed among areas, and were
significantly related to wind, lake current, sedimentation rate, water- and sediment-properties, water depth, and prox-
imity to land sources of MPs.
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1. Introduction

Microplastics (MPs) (< 5 mm) are ubiquitous in standing aquatic envi-
ronments on a global scale. The threat of MPs to aquatic ecosystems and
human health is under increasing scrutiny. As important standing water
systems, lakes play a key role in water supply, aquaculture, hydrological
cycle, and ecosystem services. Being semi-closed systems with varying hy-
drographic conditions and different patterns of circulation, lakes are
regarded as sinks for MPs (Fischer et al., 2016). Abundances and morpho-
logical characteristics of MPs have been documented in lakes worldwide
(Anderson et al., 2016; Fischer et al., 2016; Free et al., 2014; Mason et al.,
2020; Mason et al., 2016; Vaughan et al., 2017), which were generally in-
fluenced by intensive human activities especially urbanization and popula-
tion. In recent years, there is growing evidence that lakes of various
dimensions in remote regions contain striking abundances of MPs (Faure
et al., 2015; Fischer et al., 2016; Liang et al., 2021). However, contamina-
tion of remote lakes by MPs did not draw public attention, due to lesser pop-
ulations and fewer sources of MPs around those lakes (Dusaucy et al.,
2021).

More than 1500 lakes on the remote Tibetan Plateau (TP) account for
about 49% of the total lake area of China and are important sources of
drinking water at an average altitude of more than 4000 m, a.s.l (above
sea level), and thus is called the “Asian Water Tower” (Song et al., 2014).
They play crucial roles in water security, ecological services, and human
health for many Asian countries. Qinghai Lake is the largest lake in
China. Due to lack of proper sewage and solid waste treatment facilities
around the lake (Wu et al., 2006), MPs from land sources including local
residents and tourism activities have been transferred to Qinghai Lake
through runoff, sewage discharge, discarded plastic products, and atmo-
spheric deposition (Xiong et al., 2018). Consequently, MPs have been de-
tected in surface water and lakeshore sediments of Qinghai Lake (Feng
et al., 2020; Xiong et al., 2018). Sediments of lakes represent an archive
that can be used to detect and quantify natural and anthropogenic changes
at the scale of watersheds of lakes. Moreover, sediments are expected to be
temporary and long-term sinks for MPs (Turner et al., 2019; Vaughan et al.,
2017). Also, resuspension of sediments is a potential source of MP pollution
in lake waters. It is estimated that approximately 70-90% of MP particles
can eventually accumulate in sediments (Uddin et al., 2021), which are ac-
cessible to benthic suspension and deposit feeders (Van Cauwenberghe
et al., 2015), and to other sediment-dwelling organisms (Wright et al.,
2013). It has been reported that in a lake of significantly larger scale, abun-
dances of MPs in sediments decreased with distance from the shore (Eerkes-
Medrano et al., 2015; Free et al., 2014). While this distribution seems
reasonable given the sources of MPs at these sites, further research is
required to determine whether this distribution exists more broadly
in lake systems. Investigating abundances of MPs and spatial resolu-
tion within a lake means focusing on a smaller scale, favoring investi-
gation of total budgets and taking into account regional or local
factors influencing pathways of input (Fischer et al., 2016). Further-
more, factors controlling distributions of MPs in lakes are likely to
vary among areas of the lake (Bertoldi et al., 2021; Hengstmann
et al., 2021; Imhof et al., 2017). However, relatively little is known
about accumulation and transport mechanisms and influencing fac-
tors of MPs in surface sediments within various areas of a lake on the
TP. This information is crucial for future modeling of movement of
MPs, assessing risks, and estimating influences and efficacies of imple-
mented conservation methods for a remote alpine lake ecosystem
(Free et al., 2014; Galafassi et al., 2021; Imhof et al., 2013).

In this study, distribution of abundances of MPs in surface sediments of
Qinghai Lake, which is representative of lakes influenced by river dis-
charges and tourism activities on the TP, was investigated. Several hypoth-
eses were tested: 1) MPs might be accumulated in lake sediments and
decrease with increasing distance from lakeshores to the center of the
lake; 2) there are different magnitudes of pollution and morphological char-
acteristics of MPs in sediments among areas of the lake; and 3) geographic
locations (sampling points), hydrodynamic conditions including water
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depth and current, and environmental factors including wind, water-
and sediment- properties might affect distribution of MPs in sediments
of different areas of the lake. Findings in this study could improve un-
derstanding of pathways and fates of MPs in a remote, high-altitude
lake like the Qinghai on the TP, China and take effective measures to
control and manage MPs.

2. Materials and methods
2.1. Study area

Qinghai Lake (36°32" ~ 37°35'N, 99°36” ~ 100°47’E) is situated in an
endorheic basin of Qinghai Province, China, a sensitive semi-arid zone
with average altitude of approximately 3200 m. The lake, which has an
area of approximately 4500 km? with an average water depth of 21 m, is
classified as an alkaline, salt lake (Jian et al., 2021; Sha et al., 2017).
Local weather is influenced by the Asia summer monsoon and Westerlies
winds. Average ambient temperatures in the basin range from —5 to 8 °C.
Annual rainfall varies from 250 to 550 mm (Jian et al., 2021). The density
of human habitation around the lake is about 9.3 inhabitants per km?.
There are neither cities nor industries around the lake, and animal hus-
bandry and tourism are major activities (Xiong et al., 2018). The lake is a
hydrologically closed drainage system, and there is no outflow. More
than 40 rivers flow mainly from the north and northwest into the lake.
Most rivers are ephemeral with the exception of the Heima River
which is one of the permanent streams passing through the town of
Heimabhe, in which tourism is a pillar industry (Li et al., 2009). Although
the resident population of the town of Heimahe decreased from 5163 to
4704 during the period of 2010-2020 (Bureau of Statistics of Qinghai
Province, 2020), the number of visitors to the town increased in recent
years. For example, an average of 1780 tourists visited the town every
day during the tourism season in 2018 (Wu, 2018). The distance from
downtown Heimahe to Qinghai Lake is approximately 1 km. The
Erlangjian scenic area is the largest tourism area around the lake and
the most important destination for tourists. The center of the lake is lo-
cated around Haixinshan Island, where there is minimal human activity
(Fig. 1).

2.2. Sample collection

Based on land use, human activities, and environmental factors within
the catchment of Qinghai Lake, 14 sampling sites were selected from
river bay of Heima (RB-HM), lake bay at the Erlangjian Scenic Spot (LB-
ESS), and central area of the lake (CAL), representing effects of inputs
from the Heima River catchment, tourism activities from the ESS, minimal
human activity in the center of the lake on the distribution of MPs in various
areas of the lake, respectively (Fig. 1). Furthermore, the RB-HM, LB-ESS,
and CAL are characterized by different hydrodynamic and sedimentation
conditions. The Heima River has an average annual flow rate of
0.34 m%/s, and its inlet flow is 1.5 x 107 m®, accounting for 0.7% of total
inlet flow of all rivers into the lake (Li et al., 2006). The LB-ESS, located
in southeast of Qinghai Lake, is strongly influenced by wind and water cur-
rents. The CAL is a sedimentation area with the lowest water velocity (Han
et al., 2016; Han et al., 2015; Lanzhou Institute of Geology et al., 1979).

Five surface sediment samples (E1-E5) were collected at five sites along
one straight line from the Heima River Estuary to the open lake in the RB-
HM, and another five samples (T1-T5) were collected at another five sites
along another straight line from lakeshore of the Erlangjian Scenic Spot to
the open lake within the LB-ESS. The interval between two consecutive
sampling sites is about 2 km. Because of relatively homogenous sediments
influenced by minimal human activity and the lowest water velocity (Han
et al., 2016; Han et al., 2015; Lanzhou Institute of Geology et al., 1979),
four surface sediment samples (C1-C4) were randomly collected from the
CAL (Fig. 2).

Sampling was conducted in September 2020 (Fig. 1 and Table 1), with a
detailed description of sampling methods given in Text S3.
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Fig. 1. Sediment sampling sites, lake currents, wind rose diagram, and land use within Qinghai Lake watershed, China.

2.3. Water environmental factors

Because we hypothesized that these environmental factors could influ-
ence or better explain the distribution of MPs in sediments, depth of
water, conductivity, salinity, and turbidity, textures of sediments, and dis-
tance to source of MPs were measured (Chen et al., 2021; Gerolin et al.,
2020; Kanhai et al., 2018; Quesadas-Rojas et al., 2021; Sarkar et al.,
2019). Depths of water from top of water to lake bottom were measured
at each location, by use of a portable depth sounder (SM-5A, Speedtech,
USA). Distances from the lakeshore to each sampling site were measured
from satellite images from Google Earth. Surface water (0-5 cm) parame-
ters including salinity, conductivity, and turbidity at each site were mea-
sured using a calibrated portable multiprobe analyzer (HQ40d, Hach,
USA) and a portable turbidimeter (WZB175, Leici, China). Using a
Mastersizer 2000 laser diffraction system (Malvern Instruments, Malvern,
UK), grain size distribution of each sediment sample was determined ac-
cording to a modified procedure proposed by Sun et al. (2020).

2.4. Extraction of microplastics

Before extraction, sediment was dried for 72 h, to a constant mass in an
oven at 50 °C (Yang et al., 2021a). Then, the dried samples were subjected
to analysis according to a modified procedure proposed by the NOAA
(Masura et al., 2015). Briefly, two duplicate aliquots of 50 g of each
dried and thoroughly mixed sample of sediment were transferred to two
800-mL glass flasks, mixed with 300 mL of ZnCl, solution (density
1.6 g cm ®) in each flask, and left overnight for sedimentation
(Chubarenko et al., 2016; Yang et al., 2021b). The supernatant in each
flask was filtered through a stainless-steel sieve with a mesh size of 50
pm. Residual solids on the sieve were transferred to a clean beaker. 20
mL of a 0.05 M Fe (II) solution in acidic medium (0.1 M H,SO,4) and 20
mL of 30% H,0,, were added, until all the organic substances were digested.
The digested sample was vacuum filtered through a nylon filter (20 pm

pore size), which was washed with ZnCl, solution. The resulting eluent set-
tled for 24 h in a separatory funnel. The remaining sample was filtered
through a cellulose acetate filter (0.45 pm pore size), which was then
dried at room temperature in a clean Petri dish with a cover until constant
mass, then kept in a desiccator for further identification and observation. A
detailed description of the sample processing is given in Text S1.

2.5. Observation and identification of microplastics

All MPs on the filter were observed under an optical stereo-microscope
(SZX7, OLYMPUS, Japan), and measured. Individual photographs were
then taken using a digital microscope (DP26, OLYMPUS, Japan). Based
on results of previous studies (Wang et al., 2020), MPs are divided into
four categories of shape: pellets, fragments, films, and fibers, eight catego-
ries of color: transparent, blue, red, green, black, yellow, white, and the
others, and seven categories of size: 0.05-0.1 mm, 0.1-0.2 mm,
0.2-0.3 mm, 0.3-0.5 mm, 0.5-1 mm, 1-2 mm, and 2-5 mm (Hidalgo-Ruz
et al., 2012).

To determine polymer types of sorted MP particles identified by stereo-
microscope, an attenuated total reflection micro-Fourier transform infrared
(ATR-p-FTIR) spectrometer (Nicolet IN10 MX, Thermo Scientific, USA) was
used to obtain spectral characteristics of a fraction of the sorted MP parti-
cles. IR-Spectra were recorded over the wavelength range of
4000-675 cm ! at a resolution of 4 cm ™ *, applying 64 scans. Obtained
spectra were compared with libraries of spectra, including Sprouse
Polymers by ATR, Common Materials, and Hummel Polymer and Additives,
which were provided by the manufacturer. For accurate identification of
the polymer, the match factor threshold was calculated as 0.70.

2.6. Quality assurance and control

During the processes of sampling and treatment, to avoid potential
background contamination and self-contamination by clothes and plastics,
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Fig. 2. Distributions of microplastic abundances in sediment samples collected from river bay of the Heima (RB-HM) (I), lake bay at the Erlangjian Scenic Spot (LB-ESS) (1I),
center area of the lake (CAL) (III) and mean + SD abundances of microplastics in sediment samples from different areas of Qinghai Lake (IV) (Same letter in parentheses
indicates no significant difference (ANOVA, p > 0.05)).

and analyses of samples (Scopetani et al., 2020), the following preventive ultrapure water; 2) all sample extractions were performed under a laminar
measures were taken: 1) the use of plastic products during sampling was flow hood in a clean room in order to avoid contamination; 3) all solutions
prohibited and all sampling tools and containers were washed using used in this study were filtered through a 0.45 pm filter; 4) cotton lab coats
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Table 1
Sediment sampling information and water environmental factors in Qinghai Lake.
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Sediment sampling information Surface water parameter

Surface sediment parameter

Sampling site Depth (m)  Distance to lakeshore (km) Conductivity (ms/cm) Salinity (%0) Turbidity (NTU) Clay (<2 pm) (%) Silt (2-20 pm) (%) Sand (20-2000 pm) (%)
El 0.30 0.50 1.58 0.89 24.00 3.09 18.67 78.24

E2 7.75 2.50 13.45 9.58 2.90 5.26 35.68 59.05

E3 12.85 4.50 13.96 9.98 2.46 7.73 47.09 45.18

E4 18.15 6.50 13.98 10.00 1.25 8.76 53.97 37.27

E5 18.24 8.50 14.00 10.00 1.45 6.99 44.54 48.47
RB-HM 115+ 7.6 45 =32 11.4 £ 5.5 8.1+ 4.0 6.1 = 9.9 6.4 = 2.2 40.0 = 13.6 53.6 = 15
T1 15.90 0.50 14.06 9.91 1.94 7.35 44.09 48.56

T2 27.10 2.50 13.96 9.93 1.82 16.36 58.97 24.67

T3 28.10 4.50 14.02 10.03 1.62 11.81 60.37 27.82

T4 28.40 6.50 14.11 9.97 1.65 15.89 57.04 27.06

T5 28.40 8.50 14.06 10.12 1.29 15.78 57.25 26.97
LB-ESS 25.6 £ 54 45 =+ 3.2 14.0 = 0.06 10.0 £ 0.09 1.7 £0.3 13.4 = 3.9 55.5 + 6.6 31.0 = 10
Cl 26.80 7.22 14.27 10.04 1.17 17.20 57.09 25.71

Cc2 28.10 9.35 14.30 10.06 1.04 16.19 56.55 27.25

C3 28.00 12.80 15.61 10.13 1.08 12.31 56.06 31.63

C4 28.00 14.25 15.53 10.12 1.09 15.53 65.44 19.03

CAL 27.7 £ 0.6 10.9 + 3.2 15.0 + 0.63 10.1 = 0.04 1.1 * 0.05 153 = 2.1 58.8 = 4.5 25.1 = 5.2
Total 21.2 +9.2 54+ 43 13.3 = 3.4 9.3+ 24 3.2 *£6.0 11.5 * 4.8 50.9 = 12 37.6 = 16

Note: RB-HM: river bay of the Heima; LB-ESS: lake bay of the Erlangjian Scenic Spot; CAL: center area of the lake.

and rubber gloves were worn during the processes of sampling, treatment
and analysis of samples; 5) when not in use, all containers used in the pres-
ent study were sealed with or in aluminum foil; 6) field and laboratory
blanks were conducted according to the detailed procedures shown in
Text S2; and 7) recovery tests were also ascertained by spiking PP fragment
and PET fibers with similar dimension (0.1-0.5 mm) into the environmen-
tal samples. Average recoveries of PP fragment and PET fibers were 91.1%
and 93.3%, respectively.

2.7. Data analysis

Abundances of MPs were expressed as numbers of MP particles per kilo-
gram of dry mass of sediment (items/kg, dm). Ln-transformed data for
abundances of MPs were tested for normality using Shapiro-Wilk normality
test and for homogeneity of variance with the Levene test and In-
transformed data met criteria for subsequent applications of parametric sta-
tistics. An analysis of variances (ANOVA-one way) and Fisher's Least Signif-
icant Difference (LSD) test was performed to evaluate statistical differences
in abundance of MPs between sampling sites and lake areas (p < 0.05).
Since data for environmental factors were not normally distributed, non-
parametric statistics were applied. Spearman's rank correlation analyses
were used to investigate relationships between independent variables
(water depth, distance to lakeshore, conductivity, salinity, turbidity, and
sediment grain size) and dependent variables (abundances of MPs). A
Kruskal-Wallis test was used to test for differences of water environmental
factors among areas. All statistical analyses were performed using SPSS 25.
Graphs were drawn using Origin Pro 2020. ArcGIS 10.6 was applied ac-
cording to longitude and latitude collected by GPS to draw sampling and
spatial distribution maps of MP abundances within the lake. The vector
data for the lake catchment and land use (Fig. 1) was downloaded from
the National Tibetan Plateau Data Center (TPDC) (Liu et al., 2014).

3. Results
3.1. Abundances of microplastics in surface sediments

MPs were detected in all sediments collected from Qinghai Lake. The
mean abundance of MPs in the samples was 393 + 457 items/kg, dm
(mean * standard deviation), with a range of 60 + 28-1150 + 127
items/kg, dm (Fig. 2). Greatest abundances of MPs in sediments of Qinghai
Lake were observed at sites E4 (1150 + 127 items/kg, dm) and T1(1130 =+
127 items/kg, dm), whereas the lowest were at sites C1 and C3 (60 items/
kg, dm) (Fig. 2). Mean abundances of MPs in sediments of the RB-HM, LB-
ESS, and CAL were 728 + 469, 312 + 458, and 75 *= 17 items/kg, dm,

respectively. The mean abundances of the LB-ESS and CAL were not signif-
icantly different (ANOVA, p > 0.05). The mean abundance in the RB-HM
was more than two-fold greater than in the LB-ESS and CAL (ANOVA, p <
0.05) (Fig. 2IV). In the RB-HM, the abundance of MPs in sediment abruptly
increased from lakeshore site E1 (0.5 km away from the Heima River Estu-
ary) (250 * 71 items/kg, dm) to site E2 (2.5 km away from the estuary)
(1090 + 127 items/kg, dm), peaked and kept steady at sites E2-E4
(2.5-6.5 km from the estuary) (960 + 226-1150 * 127 items/kg, dm),
and then sharply decreased at site E5 (8.5 km away from the estuary)
(190 = 42 items/kg, dm) (Fig. 2I). Abundances at sites E2-E4 were not sig-
nificantly different (ANOVA, p > 0.05). Abundances at sites E2-E4 were not
just three-fold greater, but were also significantly greater than at sites E1
and E5 (ANOVA, p < 0.01). In the LB-ESS, the abundance steeply decreased
from site T1 (0.5 km away from the lakeshore of the ESS) (1130 = 127
items/kg, dm) to site T2 (2.5 km away from the lakeshore) (90 + 14
items/kg, dm), and then varied from 90 + 14 to 130 + 28 items/kg, dm
at sites T2-T5 (2.5-6.5 km away from the lakeshore). Abundances at sites
T2-T5 were not significantly different (ANOVA, p > 0.05). Abundance at
site T1 was not just eight-fold greater, but also significantly greater than
at sites T2-T5 (ANOVA, p < 0.05) (Fig. 2II). It seems that the trend of MP
abundances from lakeshore to the center in the RB-HM is contrary to that
in the LB-ESS. In the CAL, although abundances in sediments ranged from
60 = 28 to 90 *+ 71 items/kg, dm at sites C1-C4, they were not signifi-
cantly different (ANOVA, p > 0.05) (Fig. 2III).

3.2. Characteristics of microplastics in surface sediments

Among shape categories of MPs in sediments of Qinghai Lake, fibers
were dominant with a mean proportion of 83%, followed by fragments
with a mean proportion of 17% (Fig. 3A and B). Fragments were observed
at all sites, except for sites T4 and C4 (Fig. 3A). Films and pellets were found
exclusively at sites E3 and T3 with mean proportions of 0.2% and 0.4%, re-
spectively (Fig. 3A). Mean proportions of fibers in the RB-HM, LB-HM, and
CAL were 85%, 78%, and 80%, respectively (Fig. 3B). There were no signif-
icant differences in mean proportions of fibers between areas of the lake
(ANOVA, p > 0.05).

Transparent (52%) was the dominant color of MPs across all the sedi-
ment samples, follow by blue (22%), green (9%), black (5%), red (5%), yel-
low (2%), white (1%), and others (4%) (Fig. 3D). Blue was prevalent at sites
T5, C2, C3, and C4, while green was dominant at site E1 (Fig. 3C). Mean
proportions of transparent MPs in the RB-HM, LB-ESS, and CAL were
55%, 49%, and 40%, respectively, which were not significantly different
(ANOVA, p > 0.05). Mean proportions of blue MPs in the RB-HM, LB-ESS,
and CAL were 20%, 21%, and 50%, respectively (Fig. 3D), with the
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Fig. 3. Proportions of microplastic shape, color, size, and polymer type in sediment samples from different sites (A, C, E) and lake areas (B, D, F) of Qinghai Lake (RB-HM: river
bay of the Heima; LB-ESS: lake bay at the Erlangjian Scenic Spot; CAL: center area of the lake).

proportion significantly greater in the CAL than in the RB-HM and LB-ESS
(ANOVA, p < 0.05).

The size range of 0.5-1 mm (23%) of MPs in all the samples of sedi-
ment had the greatest proportion, followed by the size ranges of
0.3-0.5 mm (21%), 0.2-0.3 mm (17%), 1-2 mm (16%), 0.1-0.2 mm
(12%), 2-5 mm (7%), and 0.05-0.1 mm (4%), respectively (Fig. 3F).
Small MPs (0.05-1 mm in size) were most frequently observed, with a
proportion of 77%. The CAL had the greatest proportion of large MPs
(1-5 mm in size) in its sediments (47%), followed by the LB-ESS and
RB-HM (Fig. 3F).

Previously proposed statistical analysis (Gardon et al., 2021; Kedzierski
etal., 2019) was used to determine the number of MP particles that must be
analyzed by ATR-p-FTIR in our study and found that the number was 41. To
improve accuracy of identification of polymer type, we still randomly se-
lected 105 (two folds greater than 41) suspended MP particles, except for
some of those that were too small to move (<100 pm), from total suspended
MP particles which were thoroughly mixed before selection (Yang et al.,
2021a). The suspended 105 MP particles accounted for 19.1% of total

suspected MP particles and represented more common colors, sizes, and
shapes of MPs in all sediment samples. Ninety percent of the 105 suspected
particles were confirmed as MPs, and the remaining particles were identi-
fied as cotton, quartz, and calcium carbonate. A total of 10 polymer types
were identified in the confirmed MP particles, among which polypropylene
(PP, 27%) was the prevalent, followed by polyamide (PA, 24%), polyethyl-
ene terephthalate (PET, 24%), polyethylene (PE, 17%), and the other poly-
mers (7%) including polystyrene (PS), polyvinyl chloride (PVC), polyvinyl
acetate (PVAc), poly(1,1-difluoroethylene) (PVDF), alkyd varnish, and cel-
lophane (Fig. 41). The FTIR-spectra of some typical MP polymer types
are shown in Fig. 41I and 4III. Eight types of polymers, PA, PP, PE,
PET, PS, PVDF, PVAc and Cellophane, were observed in sediments of
the LB-HM, among which PA and PP were the dominant polymer
types (Fig. 41). Six types of polymers, PA, PP, PE, PET, alkyd varnish
and PVC, were observed in sediments of the LB-ESS, while only four
types, PA, PP, PE and PET were found in the CAL. PET and PE were
the prevalent polymer types of MPs in the sediments of the LB-ESS
and CAL (Fig. 4I).
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Fig. 4. Proportions of polymer types of MPs in sediment samples from different lake areas (I), infrared spectrum of PP, PET, PA, and PE (II), and images of typical MPs (II)

found in sediment samples of Qinghai Lake.

3.3. Relationships to water environmental factors

Mean depth of water at all sampling sites was 21.2 + 9.2 m (Table 1).
Mean values of conductivity, salinity, and turbidity for surface water of
Qinghai Lake were 13.3 = 3.4 ms/cm, 9.3 + 2.4%o, and 3.2 = 6.0 NTU,
respectively (Table 1). Water depths, salinities, and conductivities at sites
of the LB-EES and CAL were significantly greater than at sites of the RB-
HM (p < 0.05). Turbidities at sites of the RB-HM were greater than at
sites of the LB-EES and CAL. Based on classifications of soil textures (sand
%, slit% and clay%) suggested by the International Union of Soil Sciences
(Wu and Zhao, 2019), mean contents of clay (<2 pm), silt (2-20 pm), and
sand (20-2000 pm) in the sediments were 11.5 + 4.8%, 50.9 = 12%,
and 37.6 = 16%, respectively (Table 1). Contents of clay and silt at
sites of the LB-ESS and CAL were significantly greater than those at
sites of RB-HM (p < 0.05), while contents of sand at sites of the LB-
HM were remarkably greater than at sites of the RB-EES and CAL
(p < 0.05).

Abundances of MPs in sediments of Qinghai Lake were significantly and
negatively correlated with distance from sampling site to a lakeshore (p <
0.01), water depth (p < 0.05), salinity (p < 0.05) and conductivity (p <
0.01), but significantly and positively correlated with turbidity of water
(p < 0.05) (Table S2). Abundances of MPs were significantly and negatively
correlated with content of clay (p < 0.01) or silt (p < 0.05), but remarkably
and positively correlated with content of sand in sediments of Qinghai Lake
(p < 0.01) (Table S2).

4. Discussion
4.1. Distribution of microplastics in sediments of Qinghai Lake

Due to lack of standardization of methods, including density separation,
collection, size fractions retained/reported, etc. and reporting across the
studies of MPs, direct comparisons between the studies remain difficult
(Hidalgo-Ruz et al., 2012). Globally, among 24 selected studies, which
not only reported MPs in lake surface sediment (not including sediment
core), but also used MP abundance unit similar to the current study, only
13 (54% of the total documents) reported means or ranges of MP abun-
dance greater than that observed during the present study (Table S1). Nev-
ertheless, mean abundance in the present study was greater than that in
other remote lakes in the world, such as the black sea (Cincinelli et al.,
2021), Lakes Mead and Mohave in USA (Baldwin et al., 2020) and the
Lake Chiusi in Italy (Fischer et al., 2016), but similar to that in some
urban lakes such as Lakes Wuliangsuhai (Mao et al., 2021) and Dongting
in China (Hu et al., 2020; Jiang et al., 2018; Yin et al., 2020), Lake Vesijérvi
in Finland (Scopetani et al., 2019), and Lake Simcoe in Canada (Felismino
et al., 2021) (Table S1). Larger water body size, deeper water depth, and
a dispersed pathway, and local wind effects resulted in lesser abundances
of MPs in the black sea and the lakes in USA and Italy (Baldwin et al.,
2020; Cincinelli et al., 2021; Fischer et al., 2016). In terms of global lake
pollution of MPs, that in sediments of Qinghai Lake was classified as mod-
erate (Xiong et al., 2018).
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The non-linear trend of MP abundances from lakeshore to open lake in
the RB-HM (Fig. 2I) may attribute to the hydrological processes of Qinghai
Lake. Relatively low abundance of MPs at the site E1 might ascribe to high-
energy hydrodynamic conditions, such as turbulence, waves, tides, storms,
unstable and high velocity hydraulics in shallow waters (Enders et al.,
2019; Harris, 2020; Martin et al., 2017), which might disturb benthic
sediments, re-suspend, and relocate small MPs from the sediments, and
thus reduce small MPs in the sediment at the Heima River Estuary
(Eerkes-Medrano et al., 2015; Harris, 2020; Ho and Not, 2019). The great
abundances of MPs at sites E2-E4 (Fig. 2I) in the LB-HM can be explained
by the fact topographical features such as rough lakebeds, steep banks,
complex shorelines and isobaths (He et al., 2021; Vermeiren et al., 2016;
Yuan et al., 2019) within the semi-enclosed bay where the Heima river en-
tered (Fig. 1 and Fig. 2) reduced strengths of wind, wave and water current,
and thus increased residence time of MPs within the bay, resulting in accu-
mulation of MPs in the sediments (Ballent et al., 2016; Lanzhou Institute of
Geology et al., 1979). In addition, the great abundances at sites E2-E4
might also be related to their proximities to land sources of MPs around
the RB-HM (Fig. 1) (Wong et al., 2020; Yonkos et al., 2014). However,
the sharply decreased abundance at site E5 was due to that site E5 was
more than 8 km away from the estuary and almost out of the bay, where
the site was influenced by complex hydrodynamics caused by large input
of the unpolluted Buha River, the largest river in the Qinghai Lake Basin.
The Buha River had greater annual runoff of 1.12 billion m®, accounting
for 60% of total runoff of the whole lake, than the Heima River. The hydro-
logical, meteorological, and topographical characteristics within the Buha
River Basin led to the formation of water circulation in Qinghai Lake and
the strong northwest wind (Average wind speed was 3.1-4.3 m/s with a
range of 0-22 m/s) (Fig. 1) (Hengstmann et al., 2021; Lanzhou Institute
of Geology et al., 1979).

A significantly decreasing trend of MP abundances from lakeshore to
open lake was also observed in other lake-wide studies (Eerkes-Medrano
et al., 2015; Free et al., 2014). The highest abundance of MPs at site T1
near the Erlangjian Scenic Spot (ESS) (Fig. 2II) was caused by annual 4.4
million visitors who used local services, purchased goods, and introduced
or left waste materials behind in the ESS (Feng et al., 2020; Statistics,
2020). Previous studies have also proven that tourism is the main source
of MPs in remote lakes (Free et al., 2014; Xiong et al., 2018). On the
other hand, a long-term dominant northwestern wind (Fig. 1) would result
in a landward oriented transportation and probable sedimentation of MP
particles on the sediments at the lakeshore near the ESS (Bullard et al.,
2021; Fischer et al., 2016; Rezaei et al., 2019). The low abundances of
MPs in the sediments at sites T2-T5 in the LB-ESS may be explained by
two factors (Eerkes-Medrano et al., 2015; Free et al., 2014). First, dilution
of MPs became obvious with sharp increase of water depths from sites T1
(15.9 m) to T2 (27.1 m) and resulted in a significant decrease in MPs in sed-
iments from sites T1 to T2 (Fig. 2II). Secondly, lake currents flowing from
east to the west (Xiong et al., 2018) could facilitate the expulsion of MPs
outside the LB-ESS (Fig. 1).

Results of a previous study indicate that currents might bring the float-
ing plastic debris from the nearshore areas to center of Qinghai Lake and in-
crease abundances of MPs in the water of the CAL (Xiong et al., 2018).
However, the lowest mean abundance of MPs in the CAL in the present
study (Fig. 2III) implied that the sediments in lake center of the Qinghai
might not be a sink of MPs. The only reasonable explanation is that the
CAL is far from terrestrial sources and thus receives fewer MPs. However,
whether or not lesser rates of sedimentation (0.0118 g-cm ™~ %year ')
(Enders et al., 2019; Harris, 2020; Sha et al., 2017; Xu et al., 2010), greater
salinity and conductivity and depth, lesser turbidity of water (Table 1) and
good water quality (Qi et al., 2015) in the CAL might explain the least abun-
dance of MPs in sediments of the CAL still needs to be further explored in
the future.

The highest mean abundance of MPs in the RB-HM was due to inflow of
the polluted Heima River which can transport sewage discharge (320 m®/
d) and rubbish dumping (5.9 t/d) from the town of Heimahe (Wu et al.,
2006; Xiong et al., 2018), where more than 200 residential hotels, motels,
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and restaurants have been developed in recent years (Huang, 2018) and
without establishment of any wastewater treatment plant (WWTP) and rub-
bish collection and treatment system (Wu et al., 2006). In contrast, two
WWTPs with treatment capability of 3000 m>/day, and rubbish collection
and treatment system have been running for more than 10 years in the
ESS. It was reported that WWTP effluents after treated by joint system
anoxic-aerobic bio-contact oxidation process was not directly discharged
into the lake, but reused in grass lands of the ESS (Bao, 2020). This
means that only 3% of the total load of MPs (MPs removal efficiency is usu-
ally 97% for WWTPs) reached the grass lands of the EES (Burns and Boxall,
2018). After application to grass lands, it is difficult for MPs to be released
into the lake by runoff under the arid condition of Qinghai Province, China.
That is why the lower mean abundance of MPs in the LB-ESS but the
greatest mean in the RB-HM was observed.

Daily generation of 5848 m® sewage and 103 t rubbish, and booming
tourism around Qinghai Lake (Wu et al., 2006) might be sources of MPs ob-
served in sediments. Driven by the East Asian summer monsoon, Indian
summer monsoon, winter monsoon, and the westerly jet stream (Wang
et al., 2010), airborne MPs from the neighboring regions including India,
and Qinghai and Gansu provinces in China could transport MPs over
1000 km to the TP (Dong et al., 2021; Wang et al., 2010), and thus increase
MPs in Qinghai Lake. Notably, ubiquitous lungtas and prayer flags used for
religious blessings in several temples located to the south of the lake (Fig. 1)
and traditional yak tents for traveling and staying might be sources of MPs
in sediments after their long-time exposure to extreme weather conditions
on the TP (Jiang et al., 2019). All these sources of MPs mentioned above
might explain why amounts of MPs in sediments of Qinghai Lake were
moderate, compared to global levels of MPs in lake sediments.

4.2. Physical and chemical characteristics of microplastics in sediments of
Qinghai Lake

The most common physical and chemical characteristics of fibers in the
sediments (Fig. 3 and Fig. 4) included transparent and blue in color,
0.05-1 mm in size, and PP, PA, PET and PE in polymer types. These com-
mon characteristics of fibers in the sediments of Qinghai Lake were also re-
ported in other lakes on the TP, indicating the same sources of fibers from
washing clothes (Feng et al., 2021; Liang et al., 2021; Yang et al., 2021a),
fishing in the past (Bissen and Chawchai, 2020; O'Bryan et al., 2010), atmo-
spheric fallout (Dong et al., 2021; Wang et al., 2010), and locally discarded
lungtas (wind horses or prayer flags) and tents (Jiang et al., 2019).

Homogeneous distributions of fibers in sediments of different areas of
Qinghai Lake is due to larger ratios of surface to volume of fibers, which
make them settle more slowly and be more prone to transport via air
(Bullard et al., 2021) and water (Pohl et al., 2020). Furthermore, in addi-
tion to particle density, settling behavior of MPs is influenced by shapes
and sizes (Khatmullina and Isachenko, 2017). Due to the elongated size, fi-
bers in the suspension are more likely to be dragged downward to the sed-
iment (Pohl et al., 2020). This mechanism results in an enrichment of MPs
in sediment. The commonly observed fragments in the present study sug-
gested that weathering and degradation of larger flexible plastic packaging
could not be neglected (Dong et al., 2021; Zhang et al., 2021b). Pellets and
films detected only at sites E3 and T3 might originate from personal-care
products and agricultural mulches, which were sparsely used on the TP
(Jiang et al., 2019; Lin et al., 2018).

It has been extensively reported that transparent was the dominant
color of MPs in sediments on the TP (Feng et al., 2020; Feng et al., 2021;
Jiang et al., 2019). That result implied that transparent MPs in sediments
on the TP might have common sources such as packages, bags, ropes, bot-
tles, coatings, adhesives, paints and composites (Bhutto and You, 2022;
Zhang et al., 2018). Some colored MPs in sediments of the Qinghai Lake
were more susceptible to be weathered, discolored and faded into transpar-
ent by extreme hypoxia, cold, heat and intense UV radiation on the TP (Min
et al., 2020; Yang et al., 2015). The relatively great proportions of colored
MPs such as the blue MPs composed of 81% fibers and 19% fragments
and green MPs composed of 67% fibers and 33% fragments were found
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in lake sediments (Table S3). It means that sediments of the lake were influ-
enced by modern life in which colored clothes (source of fibers) and color-
ful daily necessities, such as packages, bags, and bottles, which are sources
of fragments after discarded, were used to increase the attractiveness and
the longevity of plastic materials (Rodrigues et al., 2018; Zhang et al.,
2018), especially those made for tourism.

The relatively small proportion of MPs in smallest size range of
0.05-0.1 mm in sediments is different from some previous studies, in
which the MPs in the size range were found more abundant (Feng et al.,
2021; Liang et al., 2021; Zhang et al., 2021b). This is likely attributed to
rapid degradation of small plastic debris. On the TP, high ultraviolet radia-
tion intensity and large diurnal variations in temperature might accelerate
dissipation of small plastic debris (Zhang et al., 2016). Another reason is
that identification of smaller MP particles by visual sorting is subjective
and particles less than 0.1 mm cannot be discriminated visually from
other sample material or are unmanageable with forceps due to their mi-
nuteness (Dris et al., 2018; Frei et al., 2019). Thus, these smallest MPs in
sediments in the present study could be underestimated. The abundant
small MPs (0.05-1 mm) (Fig. 3E and F) have also been observed during
other studies of MPs in the lakes on the TP (Dong et al., 2021; Feng et al.,
2020; Liang et al., 2021). The predominance of small MPs suggested that
the degradation and fragmentation of their original plastic products
might be accelerated under extreme weather conditions on the TP (Zhang
et al., 2016). The greatest proportion of large MPs (1-5 mm) in the CAL
(Fig. 3F) indicates that large MPs had greater ability to overcome turbulent
mixing and were easily flushed to open lake with deep water (Bailey et al.,
2021). Since abundances of MPs in the water column are related to depth of
water column, represented and total water column depth (Lenaker et al.,
2019), most of total number of larger MPs, which were fibers of PP and
PE and had densities less than water in our study, might travel longer dis-
tances from high flow rate area at lakeshore to deep-water area with low
flow rate in lake center and subsequently settled onto surface sediments
(Han et al., 2016; Zhang, 2017).

PP, as the dominant polymer type in the present study (Fig. 41), was also
found in the rivers and lakes on the TP (Feng et al., 2021; Jiang et al., 2019).
It is consistent with massive global production of PP products, such as
ropes, bottle caps and netting (PlasticEurope, 2019). PP particles are easily
colonized by microorganisms to form biofilms which increase both density
and degradation of PP into small particles (Ivar do Sul and Costa, 2014). PA
might be one of most important components of clothes and fishing gears,
while PET might be a common material for single-use fabrics, packaging
materials, and beverage bottles (Zhang et al., 2021a). Such dense plastics
as PA (about 1.12-1.15 g cm ™ %) and PET (1.38-1.41 g cm ™~ ®) in water
sink easily (Gao et al., 2021), leading to absolute dominance of MPs in sed-
iment. The abundant PA and PP in the RB-HM might mainly originate from
sewage effluents (Raju et al., 2020). PET and PE identified as dominant
polymer types in the LB-ESS and CAL might come from discarded plastic
bottles, food wrappers, and bags from tourism activities (Thushari et al.,
2017). Greater diversity of polymer types in sediments of the RB-HM than
that of the LB-ESS and CAL, indicates more sources of MPs from the river
catchment.

4.3. Relationships to water environmental factors

Turbidity of water in Qinghai Lake was similar to those in other brack-
ish lakes on the TP (Liu et al., 2021a). However, mean conductivities and
salinities, observed during the present study, were greater than those in
other studies of lakes on the TP (Liu et al., 2021a). Sediments of Qinghai
Lake in the present study contained great contents of clay and silt, which
are similar to those in brackish lakes such as the Selin Co (Wang et al.,
2018) and the Pumayum Co on the TP (Ju et al., 2012).

In our study, a significant negative correlation between the abundance
of MPs in sediment and the distance from a sampling site to lakeshore
(Table S2) implied that MP distribution might depend on proximity to
land sources of MPs (Wong et al., 2020; Yonkos et al., 2014). However,
only one previous study reported that the variation of MPs concentration
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in riverine sediments can be related to water depth of the sampling sites
(Gerolin et al., 2020). Shallow water areas are closer to terrestrial sources
and are more likely to receive more MPs. In addition, MPs can become neg-
atively buoyant upon fouling, and as water depth increases, MPs might be
suspended in the lower and middle layers of the water column instead of
settling onto surface sediment (Liu et al., 2021b). Furthermore, settlement
of MPs from water onto surface sediment in a lake is a dynamic process
which is influenced variously by aqueous environment, such as salinity
(Andrady, 2011; Lenaker et al., 2019). Significant and negative correlations
between MP abundance in sediment and water salinity and conductivity in
the present study indicates that great salinity and conductivity in lake water
increased buoyancy force of water, and thus fewer MPs were deposited
onto surface sediment (Jiang et al., 2020). Meanwhile, high salinity can re-
press average growth rate of biofilm and decrease density, weight and sed-
imentation rate of MPs in water column (Li et al., 2019; Uurasjarvi et al.,
2021). Significant positive correlation between the abundance of MPs in
sediment and water turbidity in the present study was also reported by
Pazos et al. (2018) who found that sedimentation of MPs tends to increase
in the maximum turbidity front, which is linked to the greatest MP abun-
dances in water (Bayo et al., 2020). Aggregation with particles could in-
crease their sizes by forming hetero-aggregates and reducing solubility
and inertness (Besseling et al., 2017; Horton et al., 2017), which results in
greater sedimentation of MPs (Bayo et al., 2020).

A significant negative correlation between the abundance of MPs and
the content of clay or silt in sediment in the present study is similar to
that observed by Hengstmann et al. (2021); Quesadas-Rojas et al. (2021),
but is contrary to that reported in other studies (He et al., 2020; Tibbetts
et al., 2018; Vianello et al., 2013; Zobkov et al., 2020). Furthermore, a sig-
nificant positive correlation between the abundance of MPs and content of
sand in sediment in our study was also found in Bandon Bay and Rio
Lagartos coastal lagoon (Chinfak et al., 2021; Quesadas-Rojas et al.,
2021). As suggested by Quesadas-Rojas et al. (2021), the negative correla-
tion is due to the positive correlation (R = 0.71, p < 0.01) between the dis-
tance from a sampling site to lakeshore and the content of clay in sediment
(Table S2). Additionally, sand abrasion in the Qinghai Lake may break
down large plastics into small particles during their transportation (Ding
et al., 2019), and consequently increase the abundances in the sediments.
To date, due to the limited number of published studies and the lack of com-
prehensive data sets on the interactions between the distribution and trans-
port of MPs and other potential influential factors, such as flow velocity,
wind and sediment clay, further in-depth investigations are needed to de-
rive a detailed understanding of the deposition and transportation mechan-
ics between different sediment particle types and MPs (He et al., 2020).

5. Conclusions

This work provides for the first time, data about distribution of MPs in
surface sediments from lakeshore to the center of Qinghai Lake, the largest
brackish lake on the TP, China, affected by river discharge, tourism and en-
vironmental factors. Mean abundance of MPs in the sediments was 393 +
457 items/kg, dm, which was at a moderate MP pollution level compared to
global lake sediment studies. The trend of MP abundances from lakeshore
to the center in the river bay of Heima, was contrary to that in the lake
bay at the Erlangjian tourism scenic spot, which was related to wind, lake
current, sedimentation rate, water- and sediment-properties, water depth,
and proximity to land sources of MPs. The different spatial trends of MPs
in the sediments of different areas of the lake underline different transfer
mechanisms of MPs from lakeshores to the center of the lake and the impor-
tance of investigating of MPs in different areas of the lake. The mean abun-
dance in river bay of Heima (393 + 457 items/kg, dm) was two-fold
greater than that in lake bay at the Erlangjian tourism scenic spot (312 =+
458 items/kg, dm) and the central area of the lake (75 = 17 items/kg,
dm), emphasizing the need to improve management of sewage and rubbish
within the river catchment. The least mean abundance was found in the
lake center, indicating that the sediments in the center were not a sink of
MPs. The most frequently observed colors, shapes, sizes, and polymer
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types were transparent, fiber, 0.05-1 mm, and polypropylene, respectively,
which were related to sources of MPs, local people's traditions, customs and
lifestyles, MP properties, atmospheric fallout, and degradation in extreme
weather conditions on the TP. More polymer types of MPs in the sediments
of river bay of Heima indicates more sources of MPs from the Heima River
catchment. The abundance of MPs in the sediment of Qinghai Lake was as-
sociated with the distance to lakeshore, the depth, salinity, conductivity
and turbidity of water, and the texture of sediment. The findings of this
study could provide useful information for evaluating environmental risks
posed by MPs and taking effective measures to control and manage contam-
ination of MPs within a lake, which could also improve understanding of
pathways and fates of MPs within a remote and high-altitude lake. Further
studies should be more focused on behaviors of MPs within more different
areas at a smaller scale of a lake and their impacts on benthic organisms and
ecosystems.
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Text S1 Extraction of microplastics

All sediment samples were analyzed by following four steps according to a
modified procedure proposed by the NOAA (Masura et al., 2015). They were dried at
60 °C for at least 48 h and homogenized by stirring with a stainless-steel spoon. Two
duplicates of 50g of each dried sediment samples were transferred to 800 mL glass
flasks and mixed with 300 mL of ZnCl solution (density 1.6 g cm™) and shaken 15
min and left overnight for sedimentation. The solution was decanted. The supernatant,
which contained the MP items, was filtered through a stainless-steel sieve with a mesh
size of 50 um. The residual solids on the sieve were transferred to a clean beaker
using a small amount of distilled water. The extraction was repeated three times for
each sample to increase recovery efficiency. 20 mL of a 0.05 M Fe (Il) solution in
acidic medium (0.1 M HSO4) and 20 mL of 30% H>O> were added until all the
organic substances were digested. The digested samples were vacuum filtered through
a nylon filter (20 um pore size) which was washed with ZnCl solution (1.6 g cm™3).
The resulting eluent settled for 24 h in a separatory funnel. The MP particles floated,
while inorganic materials (sand, metal, and glass) sedimented and were drained from
the funnel. The remaining sample was filtered through a cellulose acetate filter (0.45
um pore size) which was then dried at room temperature in Petri dishes and stored
until characterization with appropriate techniques.
Text S2 Procedures of blank tests

Field and laboratory blanks were collected to account for potential contamination of
samples during the collection and processing stages. Two field blanks were collected
during sampling trip. Field blanks were taken by placing ~30 g of anhydrous sodium
sulphate in 250-ml glass jars and leaving them open to air until the sediment sample
was collected. Feld blanks were processed using the same protocol as for sediment
samples. Ultrapure water blank was processed concurrently to field blank processing.
Each field blank was corrected for the ultrapure water blank by color-category. Two

laboratory blanks were processed and analyzed concurrently with samples to account

3



for potential of airborne contamination during processing. Laboratory blanks
consisted of ultrapure water in a glass beaker remaining open to air during the
processing of a single sample. After processing lab blanks, it was determined that field
blank numbers were very low (one blue fiber total) and within the error of the lab
blanks, and so field blanks were not included in the blank correction. Particles in all
blanks consisted of 100% microfibers, thus only microfibers concentrations were
blank corrected by subtracting based on color (Adams et al., 2021).
Test S3 Sampling method of surface sediments in lake

Sediment samples were collected from a small wooden boat, using stainless-steel
grab sampler with a square opening of 15 cm x 15 cm at its bottom. The top of the
sampler was attached to a 50 m long yellow rope made of flax fibers. Two randomly
selected aeras of 15 cm x 15 cm at each site, which were not more than 10 m apart,
were sampled using the sampler. Immediately upon retrieval, sediment was
transferred from the sampler to a stainless-steel pan where a stainless-steel spatula
was used to collect the upper 0~5 cm of sediment. Items >5 mm in the sample were
removed, measured and recorded. Two samples of at least 500 g collected at each site
were thoroughly mixed, and then about 1 kg of the mixed sample was transferred to a
labeled aluminum container with a cover. All samples were delivered to a lab as
quickly as possible and stored at —20 °C until further analysis (Cincinelli et al., 2021;

Liang et al., 2021).



Table S1 Comparison of abundances and characteristics of microplastics in lake sediments worldwide

Rural/urban ~ Name and location Method Abundance Size Shape Color Polymer types References
area (Extraction (items/kg, dm)
Liquid)
Rural area Qinghai lake, China benthic, ZnCl: 3934457 <0.5mm Fiber (82.91%), Transparent (52.36%), PP, PA, PET This study
(1.6 g cm®) (60-1150) dominant Fragment, (16.55%), Film  Blue (21.64%), Green,
(11.92%), Foam, Sphere;  Other
Twelve remote lakes in Shoreline, ZnCl: 5454298 (17- 0.05-0.5mm  Fiber (85.59%), film Black (51.65%), PA (55.97%), PET (33.77%) (Liang etal., 2021)
the north of the Tibet, (1.5gcm?®) 2644) (53.14%) (7.91%), fragment transparent (27.78%),
China (6.50%) blue (14.64%), red
(5.93%)
Lakes Mead and Mohave,  benthic, lithium 88-1010 0.355-1mm Fiber (80.3%), fragment clear (37.8% average), N. A (Baldwin et al.,
USA metatungstate (1.6 (63.7%) (8.9%), film (7.7%), foam  black (26.2%), blue 2020)
g/cm) (1.4%), other (1.7%) (24.3%), and red (6.5%)
Lake Bolsena and Chiusi,  Shoreline, NaCl Lake Bolsena: <0.5mm Fiber dominant N. A N. A (Fischer et al.,
Italy (1.2gcm®) 112+32 2016)
Lake Chiusi:
234485
The black sea Benthic, NaCl 106.7 N. A Fiber dominant black, blue and PE/PP (44.5%), PA (32.0%), (Cincinelli etal.,
(0-390) clear/transparent other (23.5%) 2021)
Urbanization  Dishui Lake in Shanghai,  Shoreline, NaCl 46 (ALS site)- 1-5mm Sheet (53%), Line (22%)  White (54%) and blue PP (69%), PS (12%), PE (Liu and Fang,
area China (1.2gcm) 230 (TCS site) (91%) (30%) dominant (8%) 2020)
domimamt
Eighteen different trophic  Benthic, NaCl 219 (90-580) <lmm (70%) Fiber (94.77%), Blue (69.11%) PP (10-80%), PE (8%), PC (Lietal., 2019)
state lakes, China (1.2gcm) was the most

West Dongting Lake and
South Dongting Lake,
China

East Dongting Lake,
China

Dongting lake, China

Shoreline and
benthic, ZnCl2
(1.5gcm?®)

Shoreline, ZnCl2
(1.5gcm?®)

Benthic, NaCl
/ZnCl2 (1:3) (1.5

West Dongting
Lake 388.57 +
66.19, South
Dongting Lake
501.43 + 331.18
(200 - 1150)
403 (180-693)

385 + 60.6
(210-520)

abundant
<0.5 mm

<0.5 mm

<l mm

Fiber dominant (12.17-
77.42%)

Fiber dominant (41.49-
100%), fragment (3.57-
50%)

Fiber dominant (50-91%)

Transparent dominant

Transparent dominant
(23.4-67.86%)

N. A

PET (50%)

PET (29.55%), PA
(19.32%), PE (15.91%), PP
(12.5%), PS (6.82%)

PE (28.2%), PP (17.9%),
PET (12.8%), PVC (10.3%),

(Jiang et al., 2018)

(Yin et al., 2020)

(Hu et al., 2020)



g cm)

PA (10.3%), other (20.5%)

Five reed farms around Shoreline, ZnCl2 511.2+295.0 <0.5mm Fiber dominant (89%) Transparent (58%) PE (29.4%), PA (24.8%), (Yinetal., 2021)
East Dongting Lake, (1.5gcm?®) (125.7-1219.5) (63%) PET (15.6%), PP (11.9%),
China PS (9.2%)
Wauliangsuhai Lake, Benthic, ZnCl2 453+201 (165- 0-0.5mm (42-  Fiber dominant (more N. A PS (27.3%), PET (12.5%), (Mao et al., 2021)
China (1.5gcm3) 724) 57%) than 40%) PVC (7%)
Poyang Lake, China Benthic, NaCl 161 (54-506) 0.1-0.5mm Fiber dominant (44.1%) Colored (36.6%) PP (38.5%), PE (25.7%), (Yuan et al., 2019)
(1.2gcm3) PVC (11.4%)
Taihu Lake, China Benthic, NaCl 893 (464-1381) N.A Fiber and fragment N. A PE and PP (Zhang et al., 2021)
(1.2gcm3) dominant
Lakes in Changsha, Shoreline, ZnCl: 512 (270.17+ <lmm Fragment (50.82%), fiber ~ Transparent dominant PS (29.41%), PE (19.12%),  (Wen et al., 2018)
China (1.5gcm?) 48.23 -866.59 + (28.15%), film (18.14%) PET (14.71%), PP, PA, PVC
37.96)
Lake Onego in Europe Benthic, HCOOK  2188.7 + 11644 N.A Fiber (54.6%), beads Transparent (45.3%), Polycarbonate, (Zobkov et al.,
(1.5gcm?®) (19.6%), films (12.9%), blue (16.9%) and beige  polyethylene, cellophane 2020)
fragment (12.9%) (13.3%) and polyacrylonitrile were
the most abundant polymers
(57%)
The lagoon of Bizerte, Shoreline, NaCl 7960 + 6840 0.3-5mm Fiber and fragment Transparent (most N. A (Abidli et al., 2017)
Tunisia (1.2gcm) (3000-18,000) dominant abundant), white, blue,
red, and green
Lake Ontario, Canada Shoreline, sodium 760 (20 -27830) <2 mm Fiber and fragment N. A PE (31%), PS (10%), PU (Ballent et al., 2016)
polytungstate (1.5 dominant (12.17-77.42%) (4%),
gcm?)
Lake Simcoe in Ontario,  Benthic, CaClz 372 (8.3-1070) N. A Fibers (89.2%), Transparent (46.7%), PE (41%), PP (22%) (Felismino et al.,
Canada (1.4 gcm?®) black (20.8%), red 2021)
(11.7%)
Vembanad Lake, India Benthic, NaCl 253 (96-496) N. A Film and foam dominant N. A PE (26-91%) (Sruthy and
(1.3gcm) Ramasamy, 2017)
Vesijérvi Lake, Finland Benthic, NaCl 395.8 +90.7 N. A Fiber dominant N. A PA (53.3%), CE (33.3%), (Scopetani et al.,
(1.2gcm®) PS (6.7%), PU-PET (6.7%)  2019)
Red Hills Lake, India Benthic, NaCl 27 <lmm Fibers (37.9%) dominant ~ White (65%) dominant PP and PE (Gopinath et al.,
(1.2gcm3) 2020)
Ox- Bow Lake, Nigeria Benthic, Sodium raining season: N. A Fiber dominant Red dominant raining season: PVC (Oni et al., 2020)
lodide (1.6 g 507-7593 (81.5%)
cm3) dry season: 347- dry season: PVVC (72.6%)
4031
Veeranam lake, India Benthic, ZnCl2 309 (92-604) 0.3-Imm N. A White (48%), red Nylon (37.92%) predomiant  (Bharath et al.,
(L.5gcm?) (47%) (21%), black (15%), 2021)




green (9%), blue (5%)
and yellow (2%)

Hampstead No. 1 Pond in  Sediment core, 539 500-um to 1 >80% fiber Blue 25%, white 22%, PS, PA (Turner et al., 2019)
London, UK sodium mm dominant Red 17%

polytungstate (2.1

gcm?)
Ontario shoreline of Lake ~ Shoreline, sodium  (0-391) N. A Fiber (64%), fragment Blue and black PE, PP, PS, PVC (Dean et al., 2018)
Erie, Canada polytungstate (1.5 (36%)

gem?)




Table S2 Spearman’s rank correlation between microplastic abundances in sediments and environment parameters in Qinghai Lake

Abundance Depth Distance Conductivity Salinity  Turbidity Clay (<2 um) Silt (2-20 um) Sand (20-
2000 pm)
Abundance 1
Depth -0.63% 1
Distance -0.74° 0.70° 1
Conductivity -0.71° 0.71° 0.85° 1
Salinity -0.58* 0.65° 0.86° 0.81° 1
Turbidity 0.59° -0.61° -0.88"°  -0.86" -0.91° 1
Clay (<2 um) -0.76° 0.71° 0.71° 0.63° 0.53 -0.60° 1
Silt (2-20 um) -0.63° 0.77° 0.56° 0.52 0.63° -0.53° 0.78° 1
Sand (20-2000 um)  0.71° -0.73" -0.64° -0.58* -0.60" 0.59° -0.90° -0.93" 1

@ Correlation is significant at the 0.05 level.

b Correlation is significant at the 0.01 level.



Table S3 Numbers and characters of microplastics in samples from each site

Sampling site | Sediment dry | Sample ID Shape Color Size (um)
weight (9)

El-1 50.10 1 fiber green 72
2 fragment transparent 785
3 fiber red 491
4 fiber green 664
5 fiber blue 2680
6 fiber green 148
7 fiber green 106
8 fiber green 272
9 fiber green 449
10 fragment blue 167

El-2 50.38 1 fiber black 250
12 fiber other 213
13 fiber transparent 589
14 fiber green 245
15 fiber green 232
16 fiber yellow 442
17 fiber green 668
18 fiber green 214
19 fragment red 117
20 fiber green 7140
21 fiber green 169
22 fiber green 256
23 fiber green 151
24 fiber blue 215
25 fiber green 1680

E2-1 50.08 26 fiber transparent 638
27 fiber transparent 453
28 fiber transparent 249
29 fiber transparent 762
30 fiber transparent 632
31 fiber green 6380
32 fiber transparent 232
33 fiber transparent 3030




34 fragment blue 155
35 fiber transparent 918
36 fiber transparent 184
37 fiber transparent 906
38 fiber transparent 367
39 fiber yellow 1070
40 fiber black 1250
41 fiber blue 477
42 fiber red 1390
43 fiber transparent 459
44 fiber transparent 990
45 fiber red 476
46 fiber blue 415
47 fragment transparent 235
48 fiber blue 696
49 fiber transparent 461
50 fiber blue 209
51 fiber transparent 487
52 fiber blue 1010
53 fiber red 1340
54 fiber transparent 9360
55 fiber green 732
56 fiber red 3090
57 fiber blue 524
58 fiber blue 350
59 fiber green 4010
60 fiber transparent 485
61 fiber green 1990
62 fiber transparent 1220
63 fiber blue 326
64 fiber transparent 405
65 fiber green 660
66 fiber transparent 2500
67 fiber transparent 643
68 fiber transparent 1420
69 fiber blue 229
70 fiber transparent 176
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71 fiber black 439
72 fiber blue 425
73 fiber blue 639
74 fiber transparent 1660
75 fiber transparent 2890
76 fiber red 2620
77 fiber transparent 848
78 fiber transparent 1110
79 fiber blue 230
80 fiber yellow 771
81 fiber transparent 531
82 fiber blue 203
83 fiber transparent 352
84 fragment transparent 250
E2-2 50.33 85 fiber blue 391
86 fiber black 1370
87 fiber green 736
88 fiber blue 1570
89 fiber transparent 220
90 fiber transparent 390
91 fragment transparent 318
92 fiber blue 781
93 fragment red 211
94 fiber transparent 1930
95 fiber black 154
96 fiber transparent 310
97 fiber transparent 333
98 fiber transparent 921
99 fiber yellow 1900
100 fiber black 853
101 fiber transparent 938
102 fiber transparent 245
103 fiber transparent 363
104 fiber transparent 174
105 fiber red 2010
106 fiber blue 418
107 fiber transparent 447
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108 fiber transparent 159
109 fiber transparent 4950
110 fiber transparent 303
111 fragment transparent 117
112 fiber transparent 470
113 fiber transparent 1040
114 fiber transparent 618
115 fiber blue 683
116 fiber transparent 168
117 fiber blue 586
118 fragment blue 328
119 fiber transparent 786
120 fiber other 594
121 fiber red 1120
122 fiber transparent 346
123 fiber blue 295
124 fiber transparent 3600
125 fiber transparent 243
126 fiber blue 715
127 fiber transparent 394
128 fiber green 259
129 fiber transparent 182
130 fragment blue 65
131 fiber green 752
132 fiber transparent 759
133 fiber transparent 323
134 fiber blue 645
E3-1 49.80 135 fragment green 224
136 fiber blue 91
137 fragment blue 72
138 fiber transparent 422
139 fragment blue 102
140 fragment other 183
141 fiber blue 991
142 fiber green 2140
143 fiber blue 1230
144 fiber transparent 590
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145 fragment transparent 309
146 fiber transparent 288
147 fiber transparent 890
148 fragment blue 133
149 fiber transparent 680
150 fiber transparent 455
151 fiber transparent 1040
152 fiber transparent 800
153 fiber blue 153
154 fiber black 361
155 fiber transparent 225
156 fiber blue 118
157 fiber blue 522
158 fiber transparent 834
159 fiber transparent 354
160 fiber transparent 200
161 fiber transparent 217
162 fiber transparent 3120
163 fiber transparent 176
164 fragment transparent 164
165 fiber transparent 252
166 fiber transparent 165
167 fiber transparent 221
168 fragment transparent 1090
169 fiber transparent 930
170 fiber transparent 652
171 fragment blue 85
172 fragment blue 64
173 fiber transparent 438
174 fiber transparent 134
E3-2 50.19 175 fiber transparent 542
176 fragment green 111
177 fragment transparent 238
178 fragment green 66
179 pellet other 157
180 fragment blue 76
181 fiber transparent 540
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182 fiber transparent 517
183 film transparent 440
184 fiber transparent 234
185 fiber red 2210
186 fragment blue 176
187 fiber transparent 314
188 fiber other 1770
189 fiber other 502
190 fiber transparent 451
191 fragment blue 155
192 fiber transparent 1020
193 fiber black 290
194 fiber transparent 346
195 fiber transparent 261
196 fiber transparent 257
197 fiber transparent 403
198 fiber blue 544
199 fiber transparent 3070
200 fiber transparent 1560
201 fragment transparent 214
202 fragment transparent 189
203 fiber transparent 214
204 fiber transparent 605
205 fiber transparent 562
206 fiber transparent 888
207 fiber transparent 459
208 fiber transparent 170
209 fragment green 165
210 fiber transparent 412
211 fiber transparent 2920
212 fiber transparent 367
213 fiber transparent 278
214 fragment blue 254
215 fiber transparent 240
216 fiber transparent 171
217 fiber transparent 285
218 fiber transparent 514
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219 fragment transparent 302
220 fiber transparent 923
221 fiber black 364
222 fiber transparent 1770
223 fiber transparent 1060
224 fiber transparent 1090
225 fiber transparent 371
226 fiber transparent 320
227 fiber transparent 579
228 fiber transparent 318
229 fiber transparent 1460
230 fiber transparent 762
E4-1 50.30 231 fiber transparent 359
232 fragment red 58
233 fragment transparent 213
234 fiber other 179
235 fragment transparent 292
236 fiber blue 249
237 fiber blue 210
238 fiber blue 289
239 fiber blue 378
240 fiber blue 214
241 fragment transparent 132
242 fiber other 177
243 fragment blue 67
244 fiber blue 368
245 fiber blue 807
246 fiber transparent 443
247 fiber transparent 253
248 fiber blue 282
249 fiber transparent 219
250 fiber other 172
251 fiber transparent 513
252 fiber transparent 212
253 fiber blue 917
254 fiber transparent 230
255 fiber transparent 168
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256 fiber transparent 161
257 fiber transparent 375
258 fiber transparent 536
259 fiber transparent 418
260 fragment white 340
261 fiber transparent 1940
262 fiber transparent 797
263 fiber transparent 248
264 fiber blue 206
265 fragment transparent 222
266 fiber transparent 376
267 fragment red 68
268 fragment white 316
269 fiber transparent 473
270 fiber other 134
271 fiber transparent 1320
272 fiber transparent 237
273 fiber transparent 194
274 fragment white 245
275 fiber red 457
276 fiber black 176
277 fiber transparent 534
278 fiber transparent 841
279 fiber blue 259
280 fiber transparent 148
281 fiber black 203
282 fiber other 417
283 fiber blue 125
E4-2 50.26 284 fiber transparent 1490
285 fragment black 107
286 fiber transparent 1490
287 fiber other 864
288 fiber transparent 587
289 fiber transparent 942
290 fiber transparent 266
291 fiber black 331
292 fiber transparent 313
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293 fiber black 302
294 fiber transparent 874
295 fiber transparent 773
296 fiber black 358
297 fiber blue 230
298 fiber transparent 2790
299 fiber transparent 643
300 fiber transparent 332
301 fiber transparent 233
302 fiber transparent 366
303 fiber transparent 280
304 fiber transparent 342
305 fiber transparent 214
306 fiber transparent 424
307 fiber transparent 282
308 fiber transparent 1040
309 fiber transparent 299
310 fiber transparent 427
311 fiber blue 3210
312 fragment red 460
313 fiber transparent 334
314 fiber red 1330
315 fiber transparent 359
316 fiber blue 201
317 fiber transparent 308
318 fiber transparent 682
319 fiber transparent 1090
320 fiber transparent 1190
321 fragment blue 78
322 fiber blue 611
323 fiber transparent 369
324 fiber black 437
325 fiber transparent 1680
326 fiber black 470
327 fiber blue 635
328 fragment red 2340
329 fiber transparent 261
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330 fiber transparent 361
331 fiber transparent 162
332 fiber transparent 750
333 fiber transparent 774
334 fiber transparent 282
335 fiber transparent 291
336 fiber transparent 247
337 fiber blue 133
338 fiber blue 303
339 fiber blue 242
340 fiber transparent 190
341 fiber black 262
342 fiber transparent 965
343 fiber blue 205
344 fiber transparent 828
345 fiber blue 392
E5-1 49.99 346 fiber transparent 272
347 fiber transparent 463
348 fiber black 1300
349 fiber blue 623
350 fiber transparent 510
351 fiber transparent 707
352 fragment green 81
353 fragment yellow 331
354 fiber blue 445
355 fiber blue 876
356 fragment black 109
E5-2 50.52 357 fiber transparent 2330
358 fiber black 1560
359 fragment green 75
360 fragment other 117
361 fiber black 612
362 fiber other 125
363 fragment green 101
364 fiber blue 88
T1-1 50.16 365 fiber blue 3070
366 fragment blue 623
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367 fiber blue 260
368 fiber blue 1330
369 fiber green 294
370 fiber red 854
371 fiber transparent 2380
372 fiber transparent 731
373 fiber transparent 1050
374 fiber blue 364
375 fragment green 172
376 fiber black 552
377 fragment transparent 1060
378 fiber transparent 1650
379 fiber blue 668
380 fiber transparent 2070
381 fiber transparent 334
382 fragment transparent 163
383 fiber transparent 47
384 fiber transparent 1060
385 fiber transparent 1960
386 fiber transparent 607
387 fragment transparent 735
388 fragment transparent 218
389 fiber yellow 403
390 fragment green 120
391 fiber transparent 1050
392 fragment transparent 316
393 fragment blue 168
394 fragment blue 302
395 fiber transparent 802
396 fiber transparent 4520
397 fragment transparent 283
398 fiber transparent 1070
399 fiber transparent 1950
400 fiber transparent 342
401 fiber transparent 467
402 fragment red 459
403 fiber blue 596
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404 fragment white 1080
405 fiber transparent 625
406 fragment green 137
407 fiber blue 975
408 fiber transparent 2940
409 fiber other 579
410 fiber transparent 1800
411 fragment white 372
412 fragment white 439
413 fiber transparent 1280
414 fiber blue 1470
415 fragment transparent 802
416 fiber blue 1020
417 fiber transparent 609
T1-2 50.48 418 fiber red 1690
419 fiber blue 1330
420 fiber green 1060
421 fiber transparent 992
422 fiber blue 780
423 fiber blue 1150
424 fiber yellow 2770
425 fiber yellow 1650
426 fiber transparent 1740
427 fiber green 2480
428 fiber transparent 204
429 fiber red 1360
430 fragment white 255
431 fragment transparent 183
432 fiber red 397
433 fiber blue 266
434 fiber transparent 466
435 fiber transparent 919
436 fiber transparent 686
437 fiber blue 160
438 fiber transparent 2370
439 fiber red 493
440 fiber blue 363
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441 fragment transparent 2020
442 fiber transparent 583
443 fiber other 980
444 fiber transparent 1030
445 fiber blue 688
446 fragment green 187
447 fiber transparent 545
448 fragment other 258
449 fragment green 203
450 fiber other 618
451 fiber blue 702
452 fragment transparent 1590
453 fragment green 202
454 fragment transparent 168
455 fiber yellow 437
456 fiber transparent 456
457 fragment transparent 272
458 fiber transparent 861
459 fiber transparent 986
460 fragment green 239
461 fiber transparent 668
462 fiber red 338
463 fiber transparent 954
464 fiber green 288
465 fiber blue 378
466 fiber transparent 434
467 fiber blue 592
468 fiber green 1800
469 fiber transparent 301
470 fiber transparent 2130
471 fiber yellow 1560
472 fragment green 147
473 fiber red 672
474 fiber green 2770
475 fiber green 1190
476 fiber transparent 2140
477 fragment green 225
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T2-1 50.00 478 fiber transparent 335
479 fiber transparent 3160
480 fragment transparent 1230
481 fiber transparent 1160
482 fiber transparent 345
483 fiber transparent 497
T2-2 50.15 484 fiber transparent 621
485 fiber transparent 1870
486 fiber transparent 671
T3-1 50.00 487 fiber transparent 836
488 fiber transparent 520
489 fiber transparent 1170
490 fiber blue 773
T3-2 50.01 491 fiber other 497
492 fiber black 243
493 pellet black 79
494 fiber black 563
495 fragment blue 791
496 fiber blue 596
497 fiber black 372
498 fiber transparent 1130
T4-1 50.00 499 fiber transparent 442
500 fiber blue 1240
501 fiber black 2680
502 fiber transparent 1580
503 fiber transparent 883
T4-2 50.13 504 fiber green 1100
505 fiber transparent 926
506 fiber transparent 1450
507 fiber transparent 404
T5-1 50.13 508 fiber blue 150
509 fiber transparent 2910
510 fiber black 659
511 fiber blue 552
512 fiber red 238
T5-2 50.23 513 fiber blue 1210
514 fiber blue 1360
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515 fiber transparent 729
516 fiber blue 481
517 fiber transparent 808
518 fiber transparent 1040
519 fiber green 1600
520 fragment blue 96
C1-1 50.10 521 fiber transparent 1260
522 fiber transparent 1030
523 fiber blue 4010
524 fiber blue 224
C1-2 50.20 525 fiber transparent 1510
526 fragment transparent 287
C2-1 50.15 527 fiber transparent 1150
528 fiber transparent 1150
C2-2 50.42 529 fiber blue 3140
530 fiber blue 1290
531 fiber blue 810
532 fiber red 284
533 fiber transparent 612
534 fiber blue 678
535 fiber transparent 1850
C3-1 50.28 536 fiber blue 1840
537 fragment green 193
538 fiber blue 288
C3-2 50.05 539 fiber transparent 1200
540 fragment blue 238
541 fiber blue 1070
C4-1 50.25 542 fragment blue 92
543 fiber blue 115
544 fragment blue 127
545 fiber blue 210
546 fiber green 453
547 fiber blue 484
C4-2 50.15 548 fragment transparent 517
549 fiber transparent 1270
550 fiber transparent 1430
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