
Science of the Total Environment 789 (2021) 147968

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Microplastics pollution in the Brahmaputra River and the Indus River of
the Indian Himalaya
Tenzin Tsering a,⁎, Mika Sillanpää b,⁎, Markus Sillanpää c, Mirka Viitala a, Satu-Pia Reinikainen a

a LUT School of Engineering Sciences, Lappeenranta-Lahti University of Technology LUT, Sammonkatu 12, 50130, Mikkeli, Finland
b Department of Chemical Engineering, School of Mining, Metallurgy and Chemical Engineering, University of Johannesburg, P. O. Box 17011, Doornfontein 2028, South Africa
c Laboratory Centre, Finnish Environment Institute, Mustialankatu 3, FIN-00790, Helsinki, Finland
H I G H L I G H T S G R A P H I C A L A B S T R A C T
• Microplastics in shore sediment of Brah-
maputra River and Indus River were
studied.

• Fragmented, 20 ̶150 μm size
microplastics dominated the samples.

• Polypropylene and polyethylene were
most abundantly found.

• Anthropogenic activities and hydrologi-
cal factors impactedmicroplastics distri-
bution.

• Surface morphology of microplastics
showed mechanical and oxidative
weathering.
⁎ Corresponding authors.
E-mail addresses: tenzin.tsering@lut.fi (T. Tsering), sill

(M. Sillanpää).

https://doi.org/10.1016/j.scitotenv.2021.147968
0048-9697/© 2021 The Authors. Published by Elsevier
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 20 March 2021
Received in revised form 17 May 2021
Accepted 19 May 2021
Available online 24 May 2021

Editor: Kevin V. Thomas

Keywords:
Microplastics
River shore sediment
Indian Himalaya
Pollution
Weathering
Rivers act as temporary sinks ofmicroplastics and a keymedium allowingmicroplastics to enter the ocean. In this
study, microplastics pollution in river shore sediment of the Indian Himalaya, including the Brahmaputra River
and the Indus River was discussed. Sampling campaigns were performed in years 2018 and 2019. Sample pre-
treatmentwas performed usingNa2WO4·2H2O for density separation andH2O2 for oxidation of organicmaterial.
Microplastics analysis was performed by using FTIR microscope. The smaller size of microplastics 20–150 μm
were more abundant (531–3485 MP/kg in the Brahmaputra River and 525–1752 MP/kg in the Indus River)
than microplastics in size range between 150 μm and 5 mm (20–240 MP/kg in the Brahmaputra River and
60–340MP/kg in the Indus River). Microplastics were found in sediments of all sampling sites. Fragmented, sec-
ondary microplastics were dominant in the river shore sediment of the Indian Himalaya. This study contributes
towards filling research gap of microplastics in India's freshwater source and highlights the importance of in-
depth complete studies of microplastics in the rivers that act as pathways and sinks for microplastics.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The global production of plastics has reached 368 million tonnes in
2019 (PlasticEurope, 2020), and it is on steep acceleration with an
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increase in demand of its use. Plastic production is estimated to double
within the next 20 years (Lebreton and Andrady, 2019). The high dura-
bility of plastics together with their tendency to disintegrate to micro
and nano-sized fragments led to a growing concern about their impacts
on various environmental compartments (SAPEA, 2019). Microplastics
(MP) are an emerging contaminant and ubiquitous within the environ-
ment. The primary microplastics are originated directly from industrial
production, whereas secondary microplastics are formed due to the
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disintegration of larger plastic debris (Browne et al., 2011; Cole et al.,
2011). The predominant microplastics sources in freshwaters is the
fragmentation of larger plastic debris disposed on land that finally
flows into freshwater sources (Blettler et al., 2018; Eerkes-medrano
et al., 2015).

There has been growing interest in microplastics in different re-
search areas, from engineering to toxicology (Klingelhöfer et al.,
2020). According to Lebreton and Andrady (2019) rivers are the major
channels for transportation of the mismanaged plastic waste into the
ocean. Number of studies onmicroplastics pollution in riversworldwide
are growing but still are limited and should receive more scientific at-
tention (Blettler et al., 2018; Koelmans et al., 2019). The global model
of riverine input of plastics to the ocean estimates that 1.15 to 2.41 mil-
lion tonnes of plastic waste enters into the ocean yearly via rivers, and
the top 20 populating rivers were mostly located in Asia (Lebreton
et al., 2017). However, there remains amassive lack of field-based stud-
ies of microplastics in the rivers of Asian countries (Mai et al., 2019).

The rapid urbanization, industrialization, and population growth in
India undoubtedly lead to a significant increase of waste. According to
Central Pollution Control Board (CPCB), 3.3 million metric tonnes of
total plastic waste was generated in India during the year 2018–2019
(Centre for Science and Environment, 2020). The inefficientwasteman-
agement such as disposal of plastic waste to an open landfill is a com-
mon method in India (Joshi and Ahmed, 2016; Sharma and Jain,
2019). Thus, the secondary microplastics will be largely accumulated
in different parts of the environment.

With global warming, rapid glaciers melting and wind disturbance,
intense precipitation leads to an increasing amount of microplastics,
terrigenous nutrients, and other contaminants entering water bodies
(Zhang et al., 2020;Wong et al., 2020). Therefore, glaciers, lakes and riv-
ers in India are important sites to assess microplastics pollution. Up to
now, microplastics studies in India were mostly performed at the east
coast and west coast, such as in beach sediment, coastal water
(Dowarah and Devipriya, 2019; Robin et al., 2020; Sathish et al., 2019;
Tiwari et al., 2019) and in biota (Maharana et al., 2020; Naidu, 2019;
Patterson et al., 2019). So, rigorous attention to microplastic pollution
in India's freshwater sources is required (Veerasingam et al., 2020).

To our knowledge, the field-based studies on the microplastics in
rivers were studied only in two rivers, namely Ganga River and
Nethravati River with size range 0.063–5 mm and 0.3–5 mm, respec-
tively (Amrutha and Warrier, 2020; Sarkar et al., 2019). Focusing on
smaller microplastics is necessary due to their growing tendency to
cause environmental impacts and increasing relative abundance with
the decrease in their size (Koelmans et al., 2019). In this light, this
paper aims to studymicroplastics pollution in the river shore sediments
of the Indian Himalaya, including the Brahmaputra River and the Indus
River. The key objectives of this study are to assess themicroplastic pol-
lution in the river shore sediment of Indian Himalaya (20 5̶000 μm) and
to determine the weathering effects on the microplastics. This study
aims to contribute in filling the research gaps on the abundance of
microplastics in freshwater sources in Indian Himalaya. It also high-
lights the key issues to consider for future research to strengthen our
understanding on microplastics in river dynamics.

2. Materials and methods

2.1. Study sites

The Brahmaputra River and the Indus River are among the longest
Himalayan rivers in India that originate from the Tibetan plateau
known as the ‘Water Tower of Asia’ (Huang et al., 2008, 2009). The
Brahmaputra River is called the Yarlung Tsangpo from its river source
that enters Arunachal Pradesh and Assam in India then continues to
flow in Bangladesh known as the Jamuna River (Huang et al., 2011;
Qu et al., 2017a, 2017b). The Indus River is named Senge Zangpo from
its source then flows from India to Pakistan. Both rivers are
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accompanied by many tributaries and serve a significant role in the
lives of world's largest populated countries including China, India,
Bangladesh and Pakistan (Huang et al., 2009; Qu et al., 2018).

In this study, the Brahmaputra River shore surface sedimentwas col-
lected in Arunachal Pradesh (S1–S4), in Assam (S5–S8) and in
Bangladesh (S9, S10) during November–December 2018. Within the
sampling sites, population density varies from sparse to high, with in-
creasing urbanization and fishing activities from upstream to down-
stream. The Indus River shore surface sediment was collected in
Ladakh (L1–L8) in September 2019. All the sampling sites along the
Indus River are sparsely populated and elevated (3743–2747 m). Sam-
pling sites are shown in Fig. 1.

2.2. Sampling, sample pretreatment and microplastics analysis

At each sampling site five samples from random spots were col-
lected, approximately 2 m along the river shoreline with the exception
of sites L1–L8,where only two sampleswere collected due to limited ac-
cessibility to the river shoreline. Sediment was collected at each spot
with stainless steel spoon from an area of approximately 20 cm2 in a
depth of 2–3 cm. The sediments collected from random spots at each
siteweremixed into one bulk sample of around 1 kg in a steel container.
The detailed description of each sampling sites including sampling date,
sampling coordinates, and population density at the Brahmaputra sam-
pling sites is shown in Table S1 in supplementary files (SI). The collected
sedimentwas transferred to the laboratory (within 2weeks) and stored
in a freezer at−21 °C until pretreatment. Before pretreatment, the sed-
imentswere dried in anoven at 40 °C for 2–3 days. Then 50 g dryweight
(dw) of dry sample was weighed and subjected for pretreatment. The
density separation and organic digestion steps were followed as Frias
(2018) with one modification i.e. 30% H2O2 used for oxidation instead
of 6–10%H2O2 solution. The density separationwas carriedwith sodium
tungstate dihydrate (Na2WO4·2H2O fromMerck, Darmstadt, Germany)
solution (41%w/v; 1.4 g/cm3). Na2WO4·2H2O has a density higher than
the most common polymers including polypropylene (PP), polyethyl-
ene (PE), polyvinyl chloride (PVC), polyethylene terephthalate (PET)
and polystyrene (PS) (Hidalgo-Ruz et al., 2012). The density separation
was performed in a 500 mL separatory funnel that allowed a uniform
shaking for 5 min with the sediment, after which the solution was
kept for flotation for 24 h. After density separation, the supernatant
was filtered on 20 μm metal mesh. Then the separatory funnel was
rinsed with ultra-pure water and filtered on the same metal mesh.
Then the oxidation was performed with 50 mL of 30% H2O2 (VWR,
Belgium) in a glass bottle for 12 h. Then themetalmeshwas thoroughly
rinsed with ultra-pure water and the sample was filtered on the same
metal mesh. Finally, the metal mesh was rewashed with ultra-pure
water and sample was filtered by vacuum filtration on a silver mem-
brane filter (diameter 25 mm, pore size 5.0 μm, Sterlitech).

The semi-automated μFTIRmethodwas performed for microplastics
analysis by using FTIR microscope (Spotlight 200i, Perkin Elmer)
equipped with an automated stage control unit and liquid nitrogen
cooled medium-band mercury cadmium telluride (MCT) detector. The
spectra were measured with the following settings: wave number of
4000 cm−1 to 700 cm−1, spectral resolution of 4 cm−1 and scan number
of 20. All the particles larger than 150 μmwere analyzed from thewhole
effective area of the filter. All the particles between 20 μm and 150 μm
were analyzed from the two selected areas (5 mm × 5 mm and 5 mm
× 3 mm) of the filter paper as demonstrated in Fig. S1 (SI). The abun-
dance of microplastics are presented in a unit of MP/kg by extrapolating
the analyzed areas (12% and 100% for microplastics 20 to150 μm and
150 to 5000 μm, respectively) to the whole effective area of the filter
and 50 g of dry weight of sediment samples to kilogram. The identifica-
tion of particles was based on comparing the measured FTIR spectrum
to those in spectrum libraries (including more than 6000 spectra) and
the spectra matching was based on the correlation analysis. The limit
for the identification was set to be >0.70 for all polymer types except



Fig. 1. Sampling sites of (a) the Brahmaputra River (S1–S10) and (b) the Indus River (L1–L8).
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>0.80 for polyamide. After the analysis, the shape and the color of the
plastic particles were recorded. The shape of the microplastics
was mainly classified as fiber, fragment and bead. In addition, 10
microplastics were randomly selected, and their surface characteristics
were identified using scanning electron microscope (SEM). The SEM
(JEOL JSM-7900F, Japan) images were taken with a voltage of 2 kV
and 3 kV.

2.3. Contamination control

Glassware was strictly used throughout the sample pretreatment
except wash bottlesmade up of plastic (PE body and PP cover/cap). Cot-
ton lab coat and nitrile gloveswere used during the entire pretreatment
and analysis. Glassware was washed with soap and rinsed thrice with
ultra-pure water before using for pretreatment. The solutions of
Na2WO4·2H2O and H2O2 for pretreatment were filtered through a
glass fiber filter (VWR, Grade GF/F, porosity 0.7 μm). Nevertheless, a
prechecked clean filter (VWR, Grade GF/C, porosity 1.2 μm) was kept
throughout the pretreatment process in the fume hood to monitor the
arial contamination. The final filtration step on the silver-coated mem-
brane was performed in a laminar flow hood and all the microplastics
analysis was performed in a semi-clean lab.

The recovery test of the pretreatment was performed by spiking 98
microplastics, including 15 PET fragments, 18 PE fragments, 30 PA fi-
bers, 15 PVC films and 20 PP fibers into a sediment sample (Table S2).
3

The size of microplastics used for spiking ranged from 100 μm to 500
μm. After the pretreatment, the filter was checked under a stereomicro-
scope. It was observed that the 14 PET fragments, 18 PE fragments, 24
PA fibers, 15 PVC films and 18 PP fibers were recovered with recovery
rate of 90.8%. The 9 unrecovered and lost microplastics were observed
between themetal mesh sieve and sticked on the bottom side of the fil-
tration set-up. Thus, tominimize the loss at these spots, the real samples
were treatedwith an additional washing step of themetalmesh and fil-
tration set-up.

Replicates of procedure blanks (n= 2)were pretreated exactly sim-
ilarly as real samples. The aerial blank andprocedure blankswere exam-
ined under a stereomicroscope. The blank filters were visibly much
cleaner than the real samples. All the suspected plastic-like particles
were picked up and analyzed by a Raman microscope (Horiba Jobin
Yvon, Labram HR) with a 514-nm laser. Aerial blank filter consisted of
six black particles that did not have any corresponding peaks to the
plastics. In the procedure blanks, four PE plastics in both the control
blanks were found with some other non-plastic particles. PE particles
in the procedure blank may be originated from the plastic wash bottle
used during the pretreatment. In addition to the control blanks, all the
precautions were taken to avoid any plastics from sampling, storage,
pretreatment to analysis. The microplastics found in the procedure
blanks were not subtracted from the result of microplastics in sediment
samples. Hence, the result of microplastic abundance in sediment sam-
ples are not blank corrected.



PE PP PA Polyester PTFE PVC
0

10

20

30

40

50egatnecrep
ni

scitsalporci
mfo

noitisop
mo

C

Polymer type

(a) The Brahmaputra River

PE PP PA Polyester PS others
0

10

20

30

40

50egatnecrep
ni

scitsalp or ci
mfo

noitisop
mo

C

Polymer type

(b) The Indus River

Fig. 2. The relative shares of detected polymers in (a) the Brahmaputra River and (b) the Indus River, others include polytetrafluorethylene and poly (2-octyl acrylate).
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The pretreatment method used in this study has possible flaws that
might cause an overestimation and underestimation of the
microplastics in the Brahmaputra River and the Indus River. For exam-
ple, microplastics attached with the biofilms could have been discarded
during density separation, or microplastics may have been introduced
to the samples during sampling campaign, pretreatment of samples
and analysis in spite of strict contamination control procedures
throughout the study.

3. Result

In this study, more than 12,000 particles of the Brahmaputra
River sediment were analyzed and out of them 163 particles were
detected as polymers, and major polymer types were PP, PE, PA,
PET, PVC and polytetrafluoroethylene (PTFE). For the Indus River,
more than 15,000 particles were analyzed and out of them 116 par-
ticles were detected as polymers, and major types were PP, PE, PET,
PA, PTFE, PS and poly (2-octyl acrylate). The detected polymer
types are shown in Fig. 2.
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Fragment-shaped microplastics were most common in both rivers,
followed by fibers and beads (Fig. 3).

Microplasticswere classified intofivemajor color groups as dark (in-
cluding brown, wine red, blue, plum, lilac, and black), transparent, mul-
ticolor, white (cream, grey, white) and red (including light red, pink,
yellow, orange). The color composition of themicroplastics in the rivers
are shown in Fig. 4. Dark and white microplastics had highest abun-
dance in the Brahmaputra River and the Indus River respectively.

The abundance of the microplastics is summarized in Fig. 5.
Microplastics abundance in the Brahmaputra river varied from 20–240
MP/kg dw for size range between 150 μm and 5 mm and 531–3485
MP/kg dw for microplastics size 20–150 μm. For Indus River,
microplastics concentrations ranged from 60–340 MP/kg dw for size
range between 150 μm and 5 mm and 525–1752 MP/kg dw for
microplastics size 20–150 μm.

The surface morphology of the microplastics in the rivers of Indian
Himalaya shore sediment was studied using SEM. As a result, surface
textures such as flakes, fractures, grooves and pits were observed on
microplastics (Fig. 6) together with sharp, nanosized structures (Fig. 7).
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4. Discussion

In this study,microplastic assessment in river shore sediments of the
Indian Himalayawas attempted to discuss according to the source path-
way receptor model. The model could provide a more structured way
for better understanding of microplastics source, pathway and sink,
and the knowledge gaps could be identified.

4.1. Potential sources of microplastics

Themost dominantmicroplastics found in the Brahmaputra and the
Indus Rivers were PP and PE covering 85% of the total polymer types
(Fig. 2). This is in line with PP and PE being the most commonly used
plastic types and the ones found abundantly in other rivers
(Campanale et al., 2020;Wong et al., 2020). The PP and PEwith the den-
sities lower than water could also be transported by river current and
deposited on the shore sediment.

Along the Brahmaputra River, the Arunachal Pradesh and Assam
state have numerous industries of petroleum, fertilizer, tea and food
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products, cement, and plastics (Government of assam, 2016). The in-
dustrial development in Assam has been growing rapidly, but waste
management infrastructure is mostly inadequate (Sharma and Jain,
2019). The effluent from these industries could diffuse into the vicinity
flow of the Brahmaputra River and could contribute to the number of
primary microplastics. Secondary sources of the microplastics in the
Brahmaputra River could be landfills, constructions, littering, harbors,
fishing and domestic use of plastic. More than 90% of municipal solid
waste (MSW) is disposed to land as open dumping in cities and towns
of India (Kumar et al., 2009; Sharholy et al., 2007). Among the solid
waste, plastic accounts for 9% and its share is likely to increase signifi-
cantly (Ghosh, 2020). The improper disposal of plastic waste leads to
fragmentation into a smaller size. The accelerating urbanization in the
Assam also contributes to the drifting of plastics from the construction
sites and tire abrasion from vehicles to the river. Small ports, harbors,
and fishing, at the riverbank attribute to the secondary microplastics
in the Brahmaputra River.

Along the Indus river, the presence of material producing industries
is very low, and therefore the industries' contribution to the discharges
of microplastics is likely minimal. Nevertheless, the tourism sector is on
the rapid increase in Ladakh, particularly from June to September; pro-
portionally, the consumption of single-use plastics also increases. In ad-
dition, improper disposal of waste has also contributed to the number of
microplastics in the river. Waste disposal on the open land area is a
common practice. The atmospheric deposition of microplastics by
long-range transport of plastics could have contributed to the remote
region of the Indus River, such as the microplastics observed in the riv-
ers and glaciers of the Tibetan plateau (Jiang et al., 2019; Zhang et al.,
2020a, 2020b).

4.1.1. Shapes and colors of microplastics
Fragmented microplastics were most common shape in both rivers

(Fig. 2) and they are originated from larger plastic debris. So, it can be
concluded that the secondary sources and non-point sources are most
significant sources of microplastics in the Brahmaputra and the Indus
Rivers.

Dark microplastics could be from the agricultural use for mulching.
In addition, transparent and white microplastics were also found in
the Brahmaputra River. White microplastics were most abundant in
the Indus River followed by dark and transparent color. White
microplastics could be originated from packaging, bags, and bottles.
The role of the color of microplastics selection and ingestion by aquatic
organisms remains a debate and requires more realistic quality studies
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Fig. 6. SEM images of agedmicroplastics in theBrahmaputra River and the Indus River: The black arrow indicates theweathering textures: (a) PA-flakes (b) PE- fractures (c& d) PE and PP-
grooves (e) PE- pits.

T. Tsering, M. Sillanpää, M. Sillanpää et al. Science of the Total Environment 789 (2021) 147968
(Crawford and Quinn, 2017; Patterson et al., 2019; Romeo et al., 2015).
Monitoring the microplastics, particularly with the smaller size, de-
pends largely on the analysis method and instrument capabilities. In
such a scenario, color may not be a reliable choice to conclude the
source of microplastics.

4.2. Pathways of microplastics

In general, river could be considered as a fluvial pathway of
microplastics to the seas and ocean, but the complex nature of river as
6

a pathway or a sink of microplastics is still under research
(Waldschläger et al., 2020; Adomat and Grischek, 2021; Fahrenfeld
et al., 2019). Herein, the results are based on one sampling campaign.
Therefore, further research with higher frequency of samplings at
these study sites is still required.

4.2.1. Brahmaputra River
Microplastics were found at all the Brahmaputra River's shore sedi-

ment sites. Concentrations varied from 20–240 MP/kg dw for
microplastics larger than 150 μm to 531–3485 MP/kg dw for



Fig. 7. SEM images of nano size multi end particles on PE.
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microplastics in size range 20–150 μm. Similar to what has been re-
ported for other remote regions of Tibetan Plateau, Arctic, and Antarctic
(Bergmann et al., 2017; Christopher Blair Crawford, 2017; Jiang et al.,
2019), the riverine of the Indian Himalaya is also contaminated with
microplastics. Herein, even though sites S1–S3 are remote regions
with minimal anthropogenic input, a considerable abundance of
microplastics were observed as shown in Fig. 5(a). Heterogeneous dis-
tribution of the abundance of themicroplastics fromupstream to down-
stream was observed. Sites S5, S6 and S9 represent the largest
population among all sites and correspondingly a high number of
microplastics were detected at those sites.

The population density of the Brahmaputra sites were classified as
small (0–350 people/km2), medium 1 (350–700 people/km2), medium
2 (700–1050 people/km2) and large (>1050 people/km2) and one-way
ANOVA analysis was performed (refer population density at each site of
the Brahmaputra River in SI). The one-way ANOVA indicated that the
microplastic abundance and population density at respective sites are
significantly different (p = 0.01). Also, a positive correlation between
the microplastics abundance and population (people/km2) was ob-
served. The correlation value (r2 = 0.63) could indicate that the popu-
lation density is not the only key factor for determining the
abundance of microplastics. Similar observations were also reported in
the Rhine River and Yellow River (Klein et al., 2015; Song et al., 2020).
A significant positive correlation between the microplastics concentra-
tion and the water level was observed in Ofando River (Campanale
et al., 2020). Similarly, a positive correlation between precipitation
and microplastics abundance were observed in Tamsui River, Taiwan
Table 1
Previously reported microplastics abundances in river shore sediments.

River Sampling depth
(cm)

Microplastics extraction

The Brahmaputra River, India 0–2 or 0–3 Na2WO4.2H20; 30% H2O2

The Indus River, India 0–2 or 0–3 Na2WO4.2H20; 30% H2O2

Ganga River, India 0–10 or 0–15 ZnCl2; 30% H2O2

Netravathi River, India 0–5 ZnCl2; 30% H2O2 with ferrous solut
Rivers of the Tibet Plateau 0–2 ZnCl2; 30% H2O2 with ferrous solut
Rhine River, Germany 0–2 or 0–3 NaCl; (1:3) 30% H2O2 and Conc. H2

Beijiang River (littoral zone), China 0–2 NaCl
Antuã River, Portugal 0–~12 ZnCl2; 30% H2O2 with 0.05 M Fe(II
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and Lake Donghu, China (Wong et al., 2020; Xia et al., 2020). Highly in-
tense rainfall and flooding are witnessed along the Brahmaputra Basin
in recent years (Pradhan et al., 2021). Therefore, the abundance and
characteristics of the microplastics observed along the Brahmaputra
River could also be impacted by before mentioned factors. According
to this study, it can be concluded that the abundance of the
microplastics in the riverine of the Indian Himalaya is governed by var-
ious factors, including population, transport of microplastics due to pre-
cipitation and atmospheric transport via wind, primary sources from
the vicinity and secondary sources causing discharges and fragmenta-
tion of larger debris, especially due to improper disposal of plastic
waste. Thus, the awareness on the importance of proper disposal of
plastic waste to the residents, together with implementation and dis-
cussion of plastics management policy to all level of society must be
put into practice.

4.2.2. Indus River
At the sampling sites of the Indus River,microplastics concentrations

ranged from 60–340 MP/kg dw to 525–1752 MP/kg dw for
microplastics larger than 150 μmand between 20–150 μm, respectively.
Compared to the population density along the Brahmaputra River, the
IndusRiver in Ladakh is sparsely populated.However, growingnumbers
of tourists led to an increase in the number of people during summer.
Even though the population along the Indus River in Ladakh is much
lower than the population along the Brahmaputra River in Assam,
Arunachal, and Bangladesh, the abundance of the microplastics was
found to be similar in both rivers (Fig. 5).
Microplastics
size

Microplastics
abundance

Reference

20–150 μm
150–5000 μm

531–3485 MP/kg dw
20–240 MP/kg dw

This study

20–150 μm
150–5000 μm

525–1752 MP/kg dw
60–340 MP/kg dw

This study

63–5000 μm 108–410 MP/kg (Sarkar et al., 2019)
ion 300–5000 μm 9–253 MP/kg (Amrutha andWarrier, 2020)
ion <500–5000 μm 50–195 MP/kg (Jiang et al., 2019)
SO4 63–5000 μm 228–3763 MP/kg (Klein et al., 2015)

<5000 μm 178–544 MP/kg (Wang et al., 2017)
) catalyst 55–5000 μm 100–629 MP/kg (March)

18–514 MP/kg (October)
(Rodrigues et al., 2018)
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4.3. Receptors of microplastics

Waldschläger et al. (2020) definedmicroplastics receptors in the en-
vironment as all media that are impacted by the pollutant that includes
environmental compartants, flora and fauna. In this study, sink of the
microplastics is considered as a part of receptors of microplastics.

The SEM images of microplastics of the studied rivers in Indian
Himalaya showed weathering features (Fig. 6). The flakes could be
due to biological degradation and oxidative weathering by ultraviolet
exposure (Mao et al., 2020; Wang et al., 2021). Fractures, grooves and
pits on the microplastics may be caused by mechanical aging (Zhang
et al., 2016; Wang et al., 2021). Similar features of weathered
microplastics have been indicated in the great lakes in North America
and the Yulin River in China (Mao et al., 2020; Zbyszewski et al.,
2014). The nano size with multi ends particles were observed on the
microplastics (Fig. 7) that may indicate the potential of microplastics
in rivers of the Indian Himalaya to provide attachment sites for other
contaminants and degradation of microplastics to nano size might be
possible. Thus, further intensive studies on the weathering of
microplastics especially in an intensive weathering area such as Indian
Himalaya is crucial to understand the fate of the plastics in the environ-
ment (Tsering et al., 2019). Likewise, studies of smaller sized
microplastics are important as the risks associated with nanoplastics
have been rarely explored.

4.4. Comparison with other studies

Growing research onmicroplastics has enabled in understanding the
ubiquitous nature of microplastics in all environmental compartments.
Microplastics abundance of the Brahmaputra River and the Indus
River were compared with similar studies of river shore sediment in
India and some other rivers around the world (Table 1).

As in Table 1, the Brahmaputra River and the Indus River covers the
lowest size range that has highest microplastics abundance than Ganga
River, Netravathi River and upstream of the Brahmaputra River in Ti-
betan Plateau (Jiang et al., 2019) . Ganga River and Netravathi River
has similar microplastics range than Brahmaputra River and Indus
River for microplastics larger than 150 μm (Amrutha and Warrier,
2020; Sarkar et al., 2019) . Up to now, studies onmicroplastics pollution
in the Himalaya regions focused on slightly large sized microplastics
than the present study. Therefore, it would be crucial to consider
smaller microplastics in future monitoring studies. Comparison be-
tween the Indus River and the Brahmaputra River indicated that both
rivers are contaminatedwithmicroplastics irrespective of the difference
in population density. Similarly, remote rivers in Tibetan Plateau are
contaminated with microplastics pollution. Therefore, remote areas of
freshwater sources are an important site for microplastics pollution.
Microplastics in Rhine River had concentrations similar to those de-
tected in the Brahmaputra River and the Indus River of microplastics
sized 20 ̶150 μm. Comparison of microplastics abundance of Antuã
River and Beijing River that flow through densely populated areas
with large economic and business activities with Brahmaputra River
and Indus River indicated that rivers in the Indian Himalaya are highly
polluted with microplastics irrespective of lesser anthropogenic activi-
ties (Rodrigues et al., 2018; Wang et al., 2017). Nevertheless, the com-
parison among studies still has many limitations mainly due to
differences in size of microplastics and sampling strategy, analytical
method, and abundance unit may also influence. In addition, hydrolog-
ical condition of river systems are different, which has impacts on ob-
served microplastics (He et al., 2019; Mao et al., 2020).

5. Conclusions

According to this study, the riverine shore sediments of the Brahma-
putra River and the Indus River, were contaminated withmicroplastics.
Secondary microplastics, mainly originated from the degradation of
8

larger plastics debris, were the most common types of microplastics in
the studied riverine shore sediments. The abundance of microplastics
increased as particle size decreased, i.e. higher microplastics concentra-
tionswere observed in size range 20 1̶50 μm than in size range over 150
μm. SEM images of the microplastics indicated the weathering pattern.
In addition, images indicated that microplastics may degrade to nano
sized and they may provide attachment sites to other pollutants in the
studied river system.

To the best of our knowledge, this is the first study focusing on the
microplastics abundance in the riverine shore of the Indian Himalaya
covering upstream to downstream of the Brahmaputra River from
India to Bangladesh. Also, it is the first study of microplastics abundance
in the Indus River in India. According to this study, it can be concluded
that rivers are a key medium for accumulation and transportation of
microplastics.
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