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Abstract Microplastics are a widespread environ-
mental contaminant that raises serious concern for
aquatic organisms. Hence, the present study was con-
ducted to investigate the spatial and seasonal varia-
tion of microplastics, their characteristics, polymer
types and the risk assessment caused by the micro-
plastics in six sampling sites along the Thoothukudi
region. The average microplastic abundance ranged
from 32426 to 232+229 items/kg and 54+41 to
619+377 items/l in sediment and surface water,
respectively, and they exhibited a significant spatial
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difference among the sampling sites. The microplas-
tic abundance also showed a significant difference
among the seasons with the monsoon significantly
recording the highest mean microplastic abundance
in sediment (1604130 items/kg) and surface water
(454 £374 items/l). In sediment and surface water,
fragment (sediment: 52.72%, surface water: 40.89%),
0.5-1 mm (sediment: 43.96%, surface water: 31.11%)
and blue-coloured (sediment: 52.33%, surface water:
41.85%) microplastics were dominant with no signifi-
cant difference both spatially and seasonally. Polyeth-
ylene, the dominant polymer, was observed in both
the sediment and surface water, accounting for about
47.58% and 49.83%, respectively, and it showed no
significant difference among the selected sites. This
signifies that they are homogenously distributed
along the coast and further suggests that these parti-
cles persisted in the sediment and surface water for a
longer period of time. The results of the polymer haz-
ard index show that the sediment (PHI=1181.63) and
surface water (PHI=1018.66) were severely contami-
nated (hazard level V) with microplastic polymers
such as PE, PP, PS, PET and PA. It was also found
that the degree of the microplastic contamination in
sediment (PLI=3.57) and surface water (PLI=3.84)
was lower (hazard level I). The overall risk index (RI)
for sediment (253.48) and surface water (444.74) falls
under the higher risk category. From the correlation
analysis, a significantly positive relationship was
observed between microplastics in sediment and sur-
face water based on each classification (abundance,
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shape, size, colour and polymer). This suggests that
microplastics rejoin the water column from the sedi-
ment through resuspension, which occurs due to the
circulation, tides and sedimentation rate. This might
be the reason for the higher microplastic abundance
in the surface water than in the sediment. As a result,
proper management measures to reduce plastic waste
disposal in the marine environment should be imple-
mented to lessen the effects of microplastics on
marine biota and on public health.

Keywords Microplastics - Distribution - Spatial -
Seasonal - Surface water - Sediment - Thoothukudi

Introduction

The growth of plastic production has increased expo-
nentially due to various factors, including low cost,
corrosion resistance, high strength and insulation
(Gao et al., 2021). Globally, the annual production
of plastic has increased to about 367 million tonnes
(Europe, 2021). Plastic, which accounts for up to 80%
of litter, is primarily derived from land-based sources.
In addition to this, the aquaculture and fishing sec-
tors are also attributed to plastic debris in the marine
environment (Radhakrishnan et al., 2021). Due to
improper waste management practices and marine
and coastal activities, these plastic particles find their
way into the marine environment, where they pose a
severe threat to the marine biota (Veerasingam et al.,
2016).

The larger size of plastic debris in the marine envi-
ronment gets fragmented due to various factors, includ-
ing physical, chemical and biological processes, result-
ing in a huge amount of minute plastic fragments. Of
these smaller plastics, particles less than 5 mm in size
are called microplastics and they are classified as pri-
mary and secondary microplastics based on their ori-
gin (Veerasingam et al., 2021b). Microplastics are
ubiquitous in the marine environment and exist in
various shapes such as fragments, fibres, foam, film
and irregular. They are made up of different polymers
including polyethylene (PE), polypropylene (PP), poly-
styrene (PS), polyamide (PA), polyethylene terephtha-
late (PET), polyvinyl chloride (PVC), etc. (Chen &
Chen, 2020). Microplastic accumulation in the marine
ecosystem may vary with the proximity of urban
activities, coastal water usage and different patterns
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of the ocean and winds (James et al., 2021). Fishing
significantly contributes to high microplastic abun-
dance through deliberate or accidental release of fish-
ing materials, including ropes, floats, nets, lines, etc.,
and they are added up in the marine environment in the
form of fragments and fibres (Nithin et al., 2022). Due
to their smaller size, shape, colour, size and chemical
composition, these microplastics are carried through
the food chain and result in physical damage, exposure
to pathogens, oxidative stress, DNA damage, neuro-
logical damage, reduction in survival and reproduction
(Liu et al., 2019; Prata et al., 2020; Sanchez-Hernandez
et al., 2021). Microplastics have the potential to adsorb
persistent organic pollutants, which in turn affect the
environment and organisms (Lima et al., 2015).

Microplastics are widely distributed in the oceans,
beaches and seafloor (Jualaong et al., 2021). Beaches
containing microplastics are mainly from land-based
sources, tourism, shipping, fishing and aquacultural
activities. The microplastic prevalence on beaches
is also affected by the various environmental fac-
tors, which include tides, currents, rainfall, winds,
etc. (Gao et al., 2021; Karthik et al., 2018). Once
microplastics have entered the environment, they may
either suspend in the water column or sink to the bot-
tom based on their density (Yona et al., 2019). The
density of the microplastics ranges from <0.05 g/cm?
(polystyrene foam) to 2.1-2.3 g/cm® (polytetrafluoro-
ethylene). The density of the microplastics influences
their distribution in which lower density microplas-
tics (with a density less than seawater) either float
in the surface layer or suspend in the water column
(Li et al., 2018) and are easily available to the pelagic
and planktivorous fishes (Kalaiselvan et al., 2022),
whereas the higher density microplastics are depos-
ited in the marine benthic environments and easily
accumulated by the detritivores and benthic feeders
(Li et al., 2020).

The buoyant microplastics on the beaches deposit
and finally sink into the sediment, causing the accu-
mulation of microplastics (Wu et al., 2020). The
microplastics generated from terrestrial sources reach
the ocean through rivers, streams, stormwater drains
and sewage systems (Rahman et al., 2020). In addi-
tion to this, rainfall in the areas near the mouth of
the river is also a possible source of microplastics in
coastal areas (Castro et al., 2020). The microplastic
abundance shows spatial and seasonal variation in
beaches and coastal waters, and their distribution was
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affected by various factors, which included river input
(Selvam et al., 2021), currents, wind, local popula-
tion and tourism in recreational beaches (Patterson
et al., 2020; Sathish et al., 2019). The risk assessment
caused by microplastics in the marine environment
has received attention. Hence, to assess it, three meth-
ods are adopted, which include the pollution load
index (PLI), polymer hazard index (PHI) and risk
index (RI) (Peng et al., 2018; Ranjani et al., 2021;
Wang et al., 2021; Xu et al., 2018).

Thoothukudi (08° 45’ 51.12" N and 78° 08’ 5.29"
E) is an industrial city situated on the south eastern
coast of Tamil Nadu, bordered by the Gulf of Man-
nar region on the east and south east. This region cen-
tres on the fishing port, fishing, tourism, recreational,
cultural and religious activities. Unmonitored dump-
ing of plastic waste, sewage effluents containing
plastic waste, river runoff, and industrial and com-
mercial waste are all sources of litter inputs on land.
This puts tremendous pressure on coastal beaches
and may result in an increase in plastic litter, which
is then degraded or fragmented into microplastics.
Hence, the present study was conducted to analyse
the microplastic abundance and characteristics in
both sediment and surface water. The present study

Bay of
Bengal

i._ I Gulf of mannar

Indian ocean

Fig. 1 Sampling location along the Thoothukudi coast

aims to study the (i) spatial and seasonal distribution
(post-monsoon, summer, pre-monsoon and monsoon)
of microplastics in abiotic matrices (sediment and
water); (i) microplastic characteristics (shape, size
and colour) and their distribution in abiotic matri-
ces both spatially and seasonally; (iii) polymer types
and ecological risk assessment of microplastics and
(iv) relationship between microplastics in sediment
and water in terms of abundance, shape, size, colour
and polymers along the coast of Thoothukudi, south
Tamil Nadu, south east India. This study provides the
baseline information on microplastic contamination
in abiotic matrices both spatially and seasonally along
the Thoothukudi coast.

Materials and methods
Water and sediment sample collection

Sediment and surface water samples were collected from
the six sampling sites (Fig. 1), i.e. Vembar (VE), Vel-
lapatti (VP), Threspuram (TH), Spic Nagar (SN), Pun-
nakayal (PN) and Thiruchendur (TC), during the post-
monsoon (Jan-Mar), summer (Apr—May), pre-monsoon

Place
Vembar
Velapatti
Threspuram
Spic Nagar
Punnakayal
Thiruchendur
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Table 1 Geographic location and characteristics of each sampling site

Sampling sites

Geographic location Description of the site

VE—Vembar

VP—Vellapatti

TH—Threspuram

SN—Spic Nagar

PN—Punnakayal

9°4'35.3994" N
78°21'54.3594" E
08°51"28.52" N
78°10'1.62" E

08°48'59.9" N
78°09'59.9" E

08°44'39.26" N
78°10'13.79" E

8°38266" N
78°07'317" E

It is situated at the north end of the Thoothukudi district and is near to the Mookiyour
fishing village. Most of the people are associated with fishing activities

It is the small village/hamlet which has the most focus on fishing activities, which include
making and preparing the net. Dumping of sewage and various human activities put
pressure on the marine environment

It is the coastal village that is home to one of the major fish landing centres in
Thoothukudi. Industrial, domestic and municipal waste reaches the sea through
the Buckle canal. Effluents from the salt pan and nearby processing industries are
released here. This region also focuses on fishing activities

The recreational beach is located far away from Thoothukudi town and it is near the
industrial area. People nearby are connected with the fishing activities. Tourism,
effluent disposal and unintentional release of fishing nets and ropes have had a major
impact on this beach

The perennial estuary is located at the junction where the Thamirabharani river flows
through the Srivankundam and Thiruchendur taluks and joins the sea at Punnakayal.

This is a source for the input of plastic debris, mainly from industrial and domestic
activities. Dumping of waste into the water also contributes to the plastic litter in the

sea

TC—Thiruchendur 08°29'35.76" N
78°7'40.16" E

It is home to the pilgrim centres, which attract a large number of pilgrims and tourists
from all over India. They take baths in the sea and leave an enormous quantity of
litter on the beaches

(Jul-Sept) and monsoon (Oct-Dec) of 2021. The six
sampling sites are located in the Thoothukudi region and
the characteristics of each location are given in Table 1.
Surface water samples were collected at each sampling
site in triplicate by towing the plankton net (mesh size:
48 pm), which was operated at the minimum speed to
prevent damage. The samples settled in the cod end
were washed with seawater and transferred to the pre-
cleaned glass bottle, fixed in formalin at 5% and taken
to the laboratory. Sediment from the sampling sites was
collected in triplicate from a foreshore area by placing a
quadrant of 1 m? size. A shovel was used for collecting
the sediment samples of about 3 kg at a depth of 4 cm,
and they were taken in a pre-cleaned glass bottle. The
collected sediment and water samples were taken to the
laboratory for the extraction of microplastics.

Extraction, quantification and characterisation of
microplastics

The extraction of microplastics from the sediments
and surface water samples was carried out by adopt-
ing the methods that were published previously
(Qiu et al., 2016; Sathish et al., 2020b). The sam-
pled sediment was dried in a hot air oven and sieved
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with a 500-um sieve to remove the larger particles.
After sieving, 100 g of sediment was taken in a 500-
ml beaker and it was digested with 30% hydrogen
peroxide for the digestion of organic matter. Then,
a saturated sodium chloride solution was added to
the digested sample for the floatation of low-density
polymers. The supernatant was filtered by the vac-
uum filtration unit with the Whatman filter paper 1
with a pore size of 11 pm. This was followed by the
addition of saturated zinc chloride for the floatation
of high-density polymers. Again, the supernatant
was filtered with the same vacuum filtration unit as
earlier.

The preserved water samples were digested with
30 ml of 30% H,0, in 1 1 of water. It was then left for
24 h for the digestion of organic matter in the water
samples. After digestion, the samples were subjected
to density separation with super saturated sodium
iodide and left overnight. The supernatant was then
filtered with the same vacuum filtration unit as men-
tioned above. The filter papers obtained from the fil-
tering of sediment and water samples were dried at
40 °C in a hot air oven. The extraction procedure for
each water and sediment samples was analysed in
triplicates for better extraction.
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The dried filter papers were observed under the
stereomicroscope (40X) with an eyepiece to observe,
measure and quantify microplastics. Under the ster-
eomicroscope, microplastics were quantified and clas-
sified into different shapes (fragment, fibre, foam, film
and irregular), sizes (0.5-1 mm, 1-2 mm, 2-3 mm,
3—4 mm and 4-5 mm) and colours (green, blue, trans-
parent, red, black, yellow and white) (Hidalgo-Ruz
et al., 2012). The polymer composition of the micro-
plastics was investigated using attenuated total reflec-
tance (ATR)—Fourier transform infrared spectroscopy
(FTIR) in the 4000-400 cm™! spectral range, with 32
scans at a resolution of 4 cm™'. The identification of
polymers was done based on comparing the obtained
ATR-FTIR spectrum with the standard reference spec-
tra of the polymers given in earlier reports (Jung et al.,
2018; Veerasingam et al., 2021a).

Ecological risk assessment of microplastics

The ecological risk assessment methods, which include
polymer hazard index (PHI), potential load index (PLI)
and potential ecological risk index (PERI), were used
for assessing the risk of microplastics in sediments and
water (Pan et al., 2021; Peng et al., 2018; Ranjani et al.,
2021; Xu et al., 2018). The PHI values were calculated
based on Eq. (1).

PHI =) Pnx Sn )

where PHI denotes the polymer hazard index, which
is calculated based on the proportion of microplastic
polymers in sediment and water. P, is the polymer
percentage observed at each sampling site. S, is the
hazard score of the microplastic polymers. According
to Lithner et al. (2011), the hazard scores of the PE,
PP, PS, PET and PA were found to be 11, 1, 30, 4 and
47, respectively.

The degree of microplastic pollution in sediments
and water between the different areas is calculated
from Eqgs. (2)-(4).

CF; = Ci/ C,i )

PLI; = 1/CF; 3

PLI,,,, = \/PLIg X PLIg, X PLIg; X PLIg, X PLIg x PLIg
“
where CF; is the microplastic concentration factor cal-
culated from the ratio of C; (microplastic abundance
at each site) and C; is the lowest microplastic abun-
dance observed in the water and sediments, which in
this study were taken as the background concentra-
tion of microplastics. The square root of CF; gives the
PLI (pollution load index) values. The microplastic
pollution load index (PLI,,,,) for the sediments and
water of the Thoothukudi region was obtained from
the 6th root of PLI, which was calculated from the 6
sampling sites multiplied together.
The PERI involves the assessment of ecological
hazard from single (E;) and combined polymer (RI)
and their calculation methods are given in Egs. (5)—(7).

T,=P, XS, )
E,=T;xCF; (6)
RI = _ E, (7)

where 7; is the toxicity response factor, calculated from
the percent composition of polymer types observed at
each sampling site (P,) multiplied with the hazard score
of each polymer (S,) as given by Lithner et al. (2011).
The sum of ecological hazard from the single poly-
mer (E;) gives the ecological risk (RI). The value E; is
obtained from the 7; and CF; values multiplied together.

Quality control

To reduce the background contamination of micro-
plastics during the analysis, blank experiments were
carried out with the deionised water in the pre-cleaned
beaker. They were then analysed for the presence of
airborne contamination during the investigation, and
the results showed the absence of microplastics in
the blank samples. To avoid cross contamination, lab
coats and surgical gloves were worn during the analy-
sis. The glasswares and equipment were washed with
distilled water at the start and end of the analysis.

@ Springer
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Statistical analysis

The microplastic abundance was givenin anitem + SD/kg
of the dry weight sediment and items +SD/I for water.
One-way analysis of variance was conducted to find
the statistical difference between the microplastic abun-
dance and their characteristics (shape, size and colour)
in surface water and sediments according to the sam-
pling sites and season. This test was also carried out to
determine the differences among sampling sites in the
composition of microplastic polymers in sediment and
surface water. If significant differences were observed,
the Tukey post hoc test was done for pairwise compari-
sons. The Pearson correlations were used to compare
the relationship between sediment and water in terms of
abundance, shape, size and polymer. All analyses were
set at a significance level of < 0.05.

Result and discussion
Microplastic abundance in abiotic matrices
Spatial variation

The mean microplastic abundance in the sediment
samples ranged from 32+26 to 2324229 items/kg,
whereas in surface water it ranged between 54 +41 and
619+377 items/l. The average abundance of micro-
plastics in each sampling site followed a descending
order: TH>PN>VP>SN>VE>TC in sediments;
PN>TH>SN>TC>VP>VE in surface water. The
ANOVA test revealed that the abundance of microplas-
tics showed significant spatial variation among sam-
pling sites in sediments (F=6.421; p=0.000) and in
surface water (F=12.634; p=0.000).

The spatial variation of microplastics in sediment
and surface water is given in Fig. 2a and b, respec-
tively. The post hoc comparison results revealed that
the TH registered the highest microplastic abundance
in the sediment (2324229 items/kg) than other sites
and also showed significantly higher microplastic
abundance in surface water (4094275 items/l) than
VE and VP. Direct discharge of sewage and indus-
trial effluents along with plastic waste reaches the
sea through the openings of Buckle canal are the
probable sources that might be attributed to the high
abundance of microplastics in the Threspuram region
(Kumar et al., 2018). PN located in the lower stretches

@ Springer

of Thamirabharani river may receive the plastic waste
through the river discharges from the land-based
activities like urbanisation, industrial and recreational
activities (Karthik et al., 2018) and unmonitored
dumping (Kumar et al., 2018). These are the prob-
able sources that resulted in the significantly high
concentration of microplastics in surface waters from
the PN region (619 377 items/1). Nithin et al. (2022)
also reported similar results in which river inputs play
a major role in transporting the microplastics from
the terrestrial to the marine environment. TC beach
receives the huge amounts of litter due to the pilgrim-
age and tourism activities (Edward et al., 2021) which
resulted in an increase in microplastic abundance in
this region (Vanapalli et al., 2021). But in the present
study, the significantly lowest microplastic abundance
in sediments was recorded in the TC region (32 +26
items/kg). The probable reasons attributed to the low-
est microplastic abundance in the TC region are the
land-based sources of the microplastics that enter
the ocean due to the waves, tidal actions and floods
during heavy rainfall (Pavithran, 2021). In water,
significantly lower microplastics were observed in
the VE region (54 +41 items/l) when compared with
the sampling sites TH and PN regions. This might
be due to the seasonal flow of Vembar river (Peter
et al., 2014), minimal influence of human activities
in this site and fewer domestic discharges into the
sea (Cordova et al., 2019; Nithin et al., 2022). How-
ever, in sediment, there was no significant difference
between the microplastic abundance at PN and the
other sampling sites (p>0.05) except at TH. Also in
surface water, no significant difference was observed
between the VE, VP, SN and TC regions (p>0.05).
From the above studies, it can be suggested that the
discharge of sewage without treatment (Vidyasakar
et al., 2020), plastic waste released unintentionally or
escaped from wastewater treatment or the large vol-
umes of plastic waste generated on the land that are
transported to the marine environment through river
runoff (Tiwari et al., 2019) and these plastic waste are
dispersed by the wind, wave and currents that mov-
ing along south to south west direction (Gowthaman
et al., 2013; Karthik et al., 2018) which are then frag-
mented or degraded into microplastics by various
weathering processes such as UV radiation, fluctuat-
ing temperatures, microbial degradation and biofilm
formation (Jahnke et al., 2017). This could be the pos-
sible sources which influenced significant differences
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Fig. 2 Box plot of spatial and seasonal variation of micro-
plastics in sediment (a, ¢) and surface water (b, d) along the
Thoothukudi coast. Difterent letters (a, b, ¢)—significant vari-
ation, same letters—insignificant variation among sites or sea-

in microplastic pollution among the selected sam-
pling sites along the Thoothukudi region.

The microplastic abundance in sediment and sur-
face water from other regions worldwide is given in
Table S2. The variation of microplastics in sediment
and surface water between various studies (Table S2)
might be due to the dissimilarity between the sam-
pling sites, differences in the source of pollution
and depth, sampling and its processing (Liu et al.,
2019). The mean microplastic abundance in sediment
(80472 items/kg) observed at the Thoothukudi coast
was relatively lower in the present study when com-
pared with the earlier reports. The probable reasons
for the lower microplastic abundance in the sediments
are that the land-based sources of the microplas-
tics are carried to the ocean by the surface currents,
winds, waves and rainfall (Pavithran, 2021). The
mean microplastic abundance in the surface waters
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sons according to Tukey’s post hoc comparison. The symbols
(**p<0.01; **¥p<0.001) indicate the significant difference
based on comparison among groups

(263 £243 items/l) was moderate compared with the
worldwide studies. Furthermore, the high abundance
of microplastics in the surface waters was observed
in the current study rather than in the earlier reports
from the Thoothukudi region, suggesting that micro-
plastic levels in surface waters are increasing among
the selected sampling sites.

Seasonal variation

The overall minimum abundance of microplastics in
sediment and surface water was observed at VE dur-
ing the summer season (May, 1.33+0.57 items/kg)
and post-monsoon season (March, 23+ 15 items/l),
respectively. Overall, the highest microplastic abun-
dance was recorded at Threspuram with 700+ 81
items/kg (December) and at Punnakayal (1360256
items/l, December) during the monsoon season in
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sediments (Fig. Sla) and surface water (Fig. S1b),
respectively. The rainfall induces the high input of
plastics waste into the Thamirabharani river from
the land-based activities during the monsoon season,
which might be the reason for the higher abundance
of microplastics in the PN region. Resuspension of
the microplastics from the sediments during monsoon
season and direct discharge of effluents through the
Buckle canal could be the possible sources for the
highest abundance in the sediments of the TH region
(Nithin et al., 2022; Park et al., 2020; Ramirez et al.,
2019). The lowest abundance in the VE during the
summer and post-monsoon season might be due to
the seasonal flow of the Vembar river (Peter et al.,
2014) or due to the less influence of human activities
on this site (Nithin et al., 2022).

The abundance of microplastics in water and sediment
is strongly influenced by the seasons (Castro et al., 2020).
In the present study, the mean microplastic concentra-
tion observed in sediment during post-monsoon (PO-M),
summer (S), pre-monsoon (PR-M) and monsoon (M) reg-
istered 42+59, 25+15, 92480 and 160+ 130 items/kg
(Fig. 2c), respectively, whereas in surface water, the
microplastics showed a mean abundance of 1424102,
157+£126, 298+286 and 454+374 items/l (Fig. 2d),
respectively. The seasonal variation of microplastic abun-
dance in sediments was M>PR-M>PO-M>S (Fig. 2d);
M>PR-M>S>PO-M>S in surface water (Fig. 2d).
Based on the ANOVA F test, the distribution of micro-
plastics showed a significant variation among seasons
in sediment (F=4.754, p=0.005) and water (F=6.032;
p=0.001). The post hoc comparison results for the sea-
sonal distribution of microplastics revealed that the M
season significantly recorded the highest abundance
of microplastics in sediments and water. This was in
agreement with other studies that reported the maxi-
mum microplastic concentration in the sediment during
the monsoon season along the south east coast of India
(Dhineka et al., 2022; Ranjani et al., 2022). James et al.
(2020) highlighted that the relative concentration of
microplastics in the Kochi region was highest during the
monsoon season. Previous studies also revealed that the
abundance of microplastics in sediments from the coasts
of Mexico (Ramirez et al., 2019) and Portugal (Prata
et al., 2020) was higher during the rainy season.

Resuspension of microplastics from sediment by
the action of winds, currents and rainfall that occurred
during the monsoon season might be the reason for
the highest abundance of microplastics in sediment
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along the Thoothukudi coast (Dhineka et al., 2022;
James et al., 2021). Veerasingam et al. (2016) reported
that west or south westerly winds combined with the
currents play a major role in the transportation and
deposition of microplastics on beaches along the Goa
coast. Subsequently, these factors might also lead to
microplastic suspension in the water column, which
then results in an increase in the microplastic concen-
tration in the surface waters (James et al., 2021). Also,
the plastic debris that was accumulated on the beaches
might be transported to the coastal water due to the
waves, currents, tides, coastal erosion and heavy rain-
fall. These are possible reasons which might contrib-
ute to the highest microplastic concentration in surface
waters during the monsoon (Jualaong et al., 2021;
Park et al., 2020) season. Liu et al. (2020) recorded the
increase in microplastics in the seawater of Jiaozhou
Bay due to the action of rainfall, wind and runoff.

The above studies suggest that microplastic con-
tamination in sediment and surface waters along the
Thoothukudi region was highly influenced by the
seasonal and spatial variation. The high abundance
of microplastics was reported in surface waters dur-
ing the monsoon season, which may result in the high
accumulation of microplastics by marine organisms.
Sathish et al. (2020b) reported that microplastic abun-
dance in fish was significantly affected by the micro-
plastic pollution in the surrounding water, disregard-
ing the fish feeding habitat, length and weight. James
et al. (2020) found out the increase in the microplas-
tic abundance in the commercially important fishes
of Kochi during the monsoon season, which shows
that microplastic abundance in fishes greatly depends
on the contamination of microplastics from the sur-
rounding environment. From this present investiga-
tion, it shows that microplastic accumulation in abi-
otic matrices is one of the major factors influencing
microplastic ingestion in marine biota. Further, the
usage of brine water from this polluted marine or
estuarine water may contribute to the microplastic
contamination in table salts, which raises a serious
threat to public health because table salt is one of the
common food commodities that humans consume
(Selvam et al., 2020). For this reason, Nithin et al.
(2021) recommended the utilisation of groundwater
instead of marine or estuarine water as the source for
the production of table salts. Hence, proper manage-
ment measures to reduce the disposal of plastic waste
in the marine environment should be implemented
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to lessen the effects of microplastics on marine biota
and on public health.

Characteristics of microplastics in abiotic matrices
(shape, size, colour and polymer type)

The observed shapes in the abiotic matrices along the
Thoothukudi coast were fragment, fibre, foam, irreg-
ular and film in which the fragments were dominant
in both the sediment and water, accounting for about
52.72% and 40.89%, respectively. This was followed
by fibre, irregular, foam and film shaped microplas-
tics, which contributed 22.48%, 11.88%, 8.88% and
4.04% in sediment (Fig. 3a) and 22.89%, 20.1%,
9.01% and 4.08% in surface water (Fig. 3a). The
microplastic shape that was predominant in all the
seasons was fragment, which varied between 43.99
and 62.44% in sediment (Fig. 3b, p>0.05) and 38.96
and 41.80% in surface water (Fig. 3c, p>0.05). Spa-
tially, their contribution was higher at PN (70.46%) in
sediment (Fig. 3b) and at TH in water with 63.17%
(Fig. 3c) (p>0.05). The result of this study shows
that fragments are the most abundant microplastics
in sediment and surface water, which is in line with
the studies that were reported earlier. For example,
the studies conducted in the beach sediment of Cox’s
Bazar, Bangladesh (Rahman et al., 2020) and in the
coastal ecosystems of the Gulf of Mannar and Palk
Bay, south east India (James et al., 2021) found the
higher dominance of fragment microplastics in the
abiotic matrices. In contrast to the present study,
fibres were the predominant type of microplastics
in the sediment and surface waters of the Tuticorin
region (Jeyasanta et al., 2020; Patterson et al., 2020;
Sathish et al., 2020b). The sampling site and season
of the sample collection, degradation of the plastic
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litter and proximity to industrial and tourism activi-
ties (Maharana et al., 2020; Xu et al., 2018) could
be the possible reasons for the diverse distribution
of plastic shapes between different locations. The
observed microplastic shapes during the present study
indicate that they are of secondary origin (Rahman
et al., 2020). The higher dominance of fragments in
the sediment and surface water is most likely due
to the fragmentation or weathering of larger plas-
tic pieces, including plastic bags, discarded plastic
bottles and packaging materials (Jiang et al., 2022;
Prata et al., 2020), which are then transported long
distances through municipal and sewage effluents
(Robin et al., 2020).

The sizes of the microplastics that were observed
in sediment and surface water are classified into 5
classes which include 0.5-1 mm, 1-2 mm, 2-3 mm,
34 mm and 4-5 mm. Among all the classes,
0.5-1 mm sized microplastics were highly prevalent
in sediment (43.96%) followed by 1-2 mm (21.71%),
2-3 mm (16.66%), 3—4 mm (10.81%) and 4-5 mm
(6.11%) (Fig. 4a). In surface water, 0.5-1 mm size
dominated with 31.11%. The other sizes observed
in surface water are shown in descending order
as 2-3 mm, 1-2 mm, 3-4 mm and 4-5 mm, which
accounted for about 21.74%, 20.93%, 17.11% and
9.12%, respectively (Fig. 4a). Microplastics with a
size of 0.5-1 mm highly contributed to about 48.09%
in PR-M and 35.95% in M in sediments (Fig. 4b,
p>0.05) and surface water (Fig. 4c, p>0.05),
respectively. These sized microplastics were mostly
detected at all the sampling sites in both sediment
(except in VE and TC) and water (except in VE, SN
and TC) which are given in Fig. 4b and c (p>0.05),
respectively. The present results were in agree-
ment with the earlier studies that have reported the
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Fig. 3 Microplastic shape distribution—total, season and site in Thoothukudi region sediment (a, b) and surface water (a, ¢)
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Fig. 4 Microplastic size distribution—total, season and site in Thoothukudi region sediment (a, b) and surface water (a, c)

dominance of 0.5-1 mm from the Tuticorin coast
(Patterson et al., 2019; Sathish et al., 2020a), Sura-
baya, Indonesia (Cordova et al., 2019) and Chaba-
har Bay in the Oman Sea (Hosseini et al., 2020).
Fragmentation of larger particles into smaller ones
could be the probable reason for the dominance of
0.5-1 mm sized microplastics in sediment and sur-
face water. These smaller sized particles are similar
to the size of the zooplankton and there is the great-
est possible ingestion of these particles by the aquatic
organisms (Park et al., 2020) and may be transported
into the soft tissue of the organisms that pose the
greatest risk to the aquatic organisms (Triebskorn
et al.,, 2019). Robin et al. (2020) and Rasta et al.
(2021) reported that microplastics of the size range
of 0.3-5 mm has a larger surface area and may result
in the adsorption of pollutants from the environment.
Ingestion of these particles may increase bioaccu-
mulation and can cause a larger impact on aquatic
organisms.

The collected microplastics were categorised by col-
our and their categories include transparent, white, blue,
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green, yellow, red and black. Blue-coloured microplas-
tics registered the highest dominance in sediment and
surface water with proportions of 52.33% and 41.85%,
respectively. The other colours observed are shown in
descending order: green>white>red > transparent >
yellow>black in sediments (Fig. 5a); white>green>
transparent > yellow >red >black in surface water (Fig.
5a). Among all the seasons, the higher dominance of
blue-coloured microplastics was recorded during the
monsoon in sediment and surface water, which con-
tributed about 62.41% (Fig. 5b) and 50.37% (Fig. 5c¢),
respectively (p>0.05). They were also largely registered
in sediment (Fig. 5b, except in VE, SN and TC, p>0.05)
and water (Fig. Sc, except in TC, p>0.05) in almost all
the sites.

The occurrence of various colours indicates that
their origin is from various sources and their presence
in the marine environment may influence their uptake
by the marine organisms (Sathish et al., 2019) due to
their resemblance with the plankton (Patchaiyappan
et al., 2020). The high prevalence of blue-coloured
microplastics in the present study was in line with
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Fig. 5 Microplastic colour distribution—total, season and site in Thoothukudi region sediment (a, b) and surface water (a, c)
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the previous studies that were conducted along the
Tuticorin coast (Sathish et al., 2019; Sathish 2020a),
Punnakayal estuary (Selvam et al., 2021), Kerala
(Pavithran, 2021), south western Caspian Sea (Rasta
et al., 2021) and the west coast of Ireland (Pagter
et al., 2020). Blue-coloured microplastics are mainly
from fishing activities (Martin et al., 2017) and their
dominance in sediment and surface water might influ-
ence their uptake by shrimps (Daniel et al., 2020) and
fishes since it resembles with the plankton (Ory et al.,
2018). The colour of the microplastics is from the
synthetic colourants that may leach into the marine
environment and pose a risk to aquatic organisms
(Wicaksono et al., 2021).

ATR-FTIR analysis confirmed the presence of PE,
PP, PS, PA and PET and their composition abiotic
matrices are given in Fig. 6a. PE dominated in sedi-
ments (p <0.05) followed by PP, PS and PET with
proportions of 47.58%, 27.07%, 20.37% and 4.95%,
respectively. Also, PE significantly dominated in
surface water (p <0.05) with 49.83% followed by PP
(37.33%), PS (10%) and PA (2.83%). This is in line
with the studies in which PE is found to be the most
dominant polymer in the abiotic matrices (Patterson
et al., 2020; Sathish et al., 2019; Veerasingam et al.,
2016). Their dominance was observed in all the sam-
pling sites, which varied between 38.50 and 69.35%
in sediment (Fig. 6b) and 34.65 and 68% in surface
water (Fig. 6¢).

The PE and PP polymers are derived from plastic
bags, single-use plastics, cosmetic products, packaging
materials, fishing ropes and nets. PS may be derived
from floats and fishing and aquaculture activities, as
well as cups and disposable cutlery, whereas PA may
be derived from fibre-based plastics and synthetic
fibres derived from the fishing industry. The potential

sources of PET are mainly derived from packaging,
bottles and containers, etc. (Schwarz et al., 2019; Wu
et al., 2020). The above-mentioned polymers may
reach the environment through dumping, discharge of
sewage effluents, mishandling or unintentional release
of plastics (Gao et al., 2021) which results in the dis-
tribution of these polymers in the sediment and water.
In the present investigation, PE is the low-density and
dominant polymer, and its density ranged between 0.91
and 0.97 g/cm?. Due to the high consumption rate and
higher global production, these polymers reach the
marine environment through run off and inflow of sew-
age into the sea (Tiwari et al., 2019). These polymers
have the potential to float in the surface waters due to
their low density, travel long distances by the action of
wind and current, and result in the wide distribution
of polymers in the water bodies (Ranjani et al., 2021).
In addition to this, their densities may increase due to
weathering and biofouling and result in an increase
in density (may be>1.2 g/cm®) being deposited in
the sediment from the water column, which results in
the high predominance of PE polymers in sediments
(Rahman et al., 2020). This action may influence the
uptake of low-density PE polymers by both pelagic
and benthic organisms (Kalaiselvan et al., 2022) which
can cause intestinal damage, changes in the intestinal
microbiota in these fishes (Varo et al., 2021).

The statistical analysis revealed that microplastic
characteristics (shape, size and colour) exhibited no
significant difference in sediment and surface water
samples, both spatially and seasonally (p >0.05). The
polymers of the microplastics also showed no signifi-
cant difference among the selected sites. This signi-
fies that microplastic shape, size, colour and polymers
were homogenously distributed in abiotic matrices
along the Thoothukudi coast (Prata et al., 2020). The
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Fig. 6 Microplastic polymer distribution—total, season and site in Thoothukudi region sediment (a, b) and surface water (a, c)
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present result is in congruence with the earlier reports
in which a unique composition of microplastic charac-
teristics (size, shape and colour) was observed due to
their no significant differences among sampling sites
on the Silver Beach (Vidyasakar et al., 2020). Further,
this result suggests that microplastic characteristics
(shape, size, colour and polymers) did not vary with
sampling sites and seasons, which shows that these
particles persist in the sediment and water for a longer
period of time and this may cause a serious threat to
the marine environment (Wang et al., 2021).

Ecological risk assessment of microplastics
Risk assessment of microplastics (PHI, PLI and RI)

The ecological risk caused by microplastic pollution
in sediments and water was evaluated by adopting the
ecological risk assessment models, including PHI,
PLI and RI. Based on these values, the risk caused
by microplastics was categorised and presented in
Table S1.

The PHI values for each site in sediment and sur-
face water were classified under the hazard level IV
and their values at each sampling site are given in
Fig. 7a. The overall PHI,, ..., and PHI . were
calculated from the average polymer composition
of microplastics in the six sampling sites and their
respective hazard scores yielded values of 1181.63
and 1018.66, respectively, which exhibited the hazard
level V. This shows that microplastic polymers such
as PE, PP, PS, PET and PA were severely contami-
nated in sediment and surface waters. From Fig. 7a, it
can be seen that PHI values are found to oscillate for
the six sampling sites, which ranged between 130.42
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W Water P Water
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.
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and 258.44 in sediment, and in surface water, it
ranged between 107 and 259. The varying PHI values
were mainly due to the differences in the microplastic
polymer composition of sediment and surface water.
For example, the higher PHI in sediment and surface
water was observed in the TH (258.44) and TC (259)
regions, respectively, which was more likely due to
the high composition of PE (sediment—38.50%;
water—42.27%) and PS (sediment—23.60%; water—
24.39%). These polymers are discharged through the
inflow of sewage into the sea, accidental loss, coastal
and fishing activities, which contribute to microplas-
tic pollution in the marine environment (Sathish et al.,
2019). An insignificant correlation was observed
between microplastic abundance and PHI values, but
microplastic pollution in the sampling sites can cause
severe potential risk (Pan et al., 2021).

From Fig. 7b, the PLI values derived from the
microplastic concentrations in the sediments and sur-
face water at each sampling site were all at the hazard
level I. Overall PLI_,,, values for the sediment (3.57)
and surface water (3.84) along the Thoothukudi coast
yielded a hazard level of I. This indicates that the
degree of the microplastic contamination in sediment
and surface water was lower. Significantly, a very
strong positive correlation was observed between the
microplastic abundance and the PLI, which suggests
that changes in the microplastic abundance along the
Thoothukudi coast will affect the PLI values. The
microplastic abundance along the Thoothukudi coast
is attributed to the release of sewage and domestic
effluents without treatment, fishing activities, boat
building, waste from the fishing processing indus-
try, tourism, pilgrimage and recreational activities
(Jeyasanta et al., 2020). The RI value calculated in
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Fig. 7 Ecological risk assessment of microplastics—PHI (polymer hazard index, a); PLI (pollution load index, b); RI (risk index, ¢)

along the Thoothukudi coast
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sediments and water (Fig. 7c and Table S3) for each
sampling site falls under the minor risk category. The
overall RI_,,, along the Thoothukudi coast exhibited
values of 253.48 and 444.74 in sediments and surface
water, respectively, which falls under the higher risk
category.

The correlation analysis revealed a significant rela-
tionship between microplastic abundance in surface
water and sediments (p <0.05). Even though a close
relationship exists between the concentration of micro-
plastics in water and sediments, there is no significant
relationship between the risk levels in sediments and
water (p>0.05). The probable reason for the insignifi-
cant difference is most likely due to the E; (ecological
hazard from the single polymer), which is influenced
by land- and sea-based sources along the Thoothukudi
region (Prarat & Hongsawat 2022). The present study
provides preliminary results on the level of microplas-
tic pollution from the values of the polymer hazard
index (PHI), pollution load index (PLI) and risk index
(RI) of the sediment and water along the Thoothukudi
region.

Correlation analysis

The statistical results revealed that there was a sig-
nificant, strong positive relationship between the
microplastic abundance in sediment and surface water
(r=0.574; p=0.000). Also, a significantly very strong
positive relationship was observed between the micro-
plastic types in sediments and surface water based on
their shapes (r=0.740; p=0.000) and size (r=0.744;
p=0.000). A significantly positive relationship was
detected between microplastic colour and polymers in
sediments and surface water (r=0.654; p=0.000). The
results showed that resuspension of microplastics from
sediment, caused by nearshore circulation, tides and
sedimentation rate, causes the microplastics to return
to the water column. This action might result in the
high microplastic abundance in the water compared to
the sediment during the present study (Takarina et al.,
2022).

Conclusion

This study reports the comprehensive results of the
spatial and seasonal distribution of microplastics, their

characteristics, chemical composition and the risk
assessment of microplastics in abiotic matrices (sur-
face water and sediment). The microplastic abundance
in surface water and sediment showed a significant dif-
ference among sampling sites and seasons. Spatially,
Threspuram and Punnakayal were most polluted with
microplastics in sediment (2324229 items/kg) and sur-
face water (619+377 items/l), respectively. The prob-
able reasons for the high concentration of microplastics
in the Threspuram region are the direct release of efflu-
ents along with the plastic waste through the Buckle
canal, whereas in Punnakayal, the source of microplas-
tics is attributed to unmonitored dumping and river
discharges from land-based activities like urbanisation,
industrialisation and recreational activities. The micro-
plastic abundance in the sediment and surface water is
greatly influenced by the season with the highest being
reported in the monsoon season, which accounted for
about 160+ 130 items/kg and 454 +374 items/1, respec-
tively. Fragment, 0.5-1 mm and blue-coloured micro-
plastics were dominant in sediments and surface water.
Polyethylene, the low-density and dominant polymer in
sediment and surface water, reaches the marine environ-
ment through run off and the inflow of sewage into the
sea. Due to their low density, they float and are widely
distributed in the surface waters. Their densities may
increase due to weathering and biofouling, and they
deposit in the sediment from the water column result in
a high dominance of polyethylene polymer in the sedi-
ment. The characteristics of the microplastics (shape,
size and colour) exhibited no significant difference
both spatially and seasonally. The polymers of micro-
plastics also showed no significant difference among
the sampling sites. This signifies that they are homog-
enously distributed along the coast and further suggests
that these particles persisted in the sediment and surface
water for a longer period of time. The preliminary risk
assessment results revealed that the risk index (RI) of the
Thoothukudi region ended up in the higher risk category
in sediment (253.48) and surface waters (444.74). The
overall polymer hazard index show that the sediment
(PHI=1181.63) and surface water (PHI=1018.66)
were severely contaminated (hazard level V) with
microplastic polymers such as PE, PP, PS, PET and
PA. Tt was also found that the degree of the microplas-
tic contamination in sediment (PL/=3.57) and surface
water (PLI=3.84) was lower (hazard level I). A positive
correlation was observed between the microplastics in
sediment and water based on the abundance, shape, size,
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colour and polymers of the microplastics. This indicates
that microplastics rejoin the water column from the
sediment because of resuspension, which occurs due to
the tide, circulation and sedimentation rate. This might
explain the higher concentration of microplastics in the
surface water. The higher abundance of microplastics
in the surface waters may raise serious concerns for the
marine organisms. Hence, proper management meas-
ures to reduce plastic waste disposal in the marine envi-
ronment should be implemented to lessen the effects of
microplastics on marine biota and on public health.
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