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Abstract: As a new type of pollutant, microplastics widely exist in the marine environment and have
attracted a lot of attention from the international community. In order to study the distribution of mi-
croplastics and the influence of ocean current, microplastic samples in seawater of the southern Indian
Ocean were collected using a peristaltic pump equipped on-board and concentrated on site. Quali-
tative and quantitative analyses of microplastics were performed using a stereo-microscope and a
micro-Fourier transform infrared spectroscope attenuated total reflection. The results showed that the
average abundance of microplastics in seawater of the southern Indian Ocean was 2.3 £ 2.1 items/ m>,
which was consistent with that in other oceans. Polyethylene terephthalate (PET), polyethylene (PE),
Rayon, polyamide (PA), and polyvinylidene chloride (PVDC) were the main polymers of microplas-
tics in the southern Indian Ocean. The size range of all detected microplastics was 108.2-4703.0 pm.
All microplastics had different colors, such as black, red, yellow, gray, blue, green, purple, and trans-
parent. Fiber was the dominant shape of microplastics. The abundance distribution of microplastics
fluctuated in the latitudinal direction. The abundance of microplastics from the present study area
was higher in the coastal region of the South Africa continent and the Indian Ocean garbage patch,
with an average abundance of 4.0 items/m?. The average abundance of microplastics was relatively
high in the convergence area of the circulation, which revealed that the ocean current facilitated the
agglomeration and transportation of microplastics.

Keywords: marine microplastics; southern Indian Ocean; ocean current influence; microplastic
distribution; micro-FTIR

1. Introduction

At present, increasing attention has been paid to marine microplastic pollution and
its environmental effects, especially to the discovery of plastic garbage patches in the
oceans. About 4.8 million to 12.7 million tons of plastic waste are transferred to the oceans
each year [1]. Plastic debris is widely distributed and has been found in the deep sea,
polar regions, and oceans [2-5]. Some plastics will be degraded and miniaturized by
physical, chemical, and biological processes to form microplastics (particle size less than
5 mm) [6,7]. Microplastics have a relatively large surface area and can adsorb persistent
organic pollutants [8] and heavy metals [9], and they are easily ingested by organisms [10].
Now, marine microplastics pollution has become a global environmental problem and has
been listed in parallel with global climate change, ozone depletion, and ocean acidification.
In addition, the environmental problem of marine microplastics has gradually extended
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from scientific research to substantial pollution control and global governance. Microplastic
pollution is evolving into a complex international problem of environmental, economic,
and political issues [11-13]. In 2017, the G20 summit adopted the G20 Marine Litter Action
Plan, raising the issue of marine plastic pollution and microplastics to the level of global
governance. In 2019, the G20 summit placed marine plastic garbage and microplastic
governance and traditional financial, trade, and other economic issues as the focus of this
summit. We can see that marine plastic garbage and microplastic issues have attracted a lot
of attention of many countries.

Domestic and foreign research on microplastics mainly focuses on the separation and
detection technology of microplastics, distribution characteristics, toxicity effect, ecological
risk assessment system, and standards of microplastics in different marine environmen-
tal media [14-16]. Many reports are available on the distribution of microplastics in
the marine environment. Collignon et al. [17] found significant amounts of microplas-
tics (0-9.0 x 10° items/km?) in semi-enclosed Mediterranean waters. The abundance of
microplastics in the Persian Gulf’s surface water ranged from 4.38 x 10* items/km? to
1.46 x 10° items/km? [18]. Studies have investigated the distribution characteristics of mi-
croplastics in the Yellow Sea and Bohai Sea [19-21], Yangtze River Basin [22-24], east China
Sea, and South China Sea [25-28]. Overall, most of the studies focus on the distribution
characteristics of microplastics in continental margins, coastal waters, etc. Monitoring
of microplastics in the open ocean, Antarctic, and Arctic has been carried out in recent
years. Surface water around Svalbard (Norway) in the Arctic Ocean had a microplas-
tic content of 0-1.13 items/m?3, and the abundance of microplastics in the water below
the surface layer was higher than that in the surface layer, at 0-11.5 items/m3 [29]. The
abundance of microplastics in the surface waters of the western and central Pacific was
34,039 + 25,101 pieces/km?, and the highest abundance of microplastics was found in the
sea area adjacent to seamounts in the western Pacific [30]. At present, although some
research work on microplastics in the north Pacific Ocean, the southwest Indian Ocean,
and the Atlantic Ocean has been carried out, it is necessary to strengthen the research on
the accumulation of microplastic monitoring data in order to study their environmental
behavior. In addition, the study on the transport process of microplastics in the ocean is
still in its infancy. In the future, the study on the transport and diffusion of microplastics
in the marine environment needs to be strengthened, and the key processes affecting the
transport of microplastics need to be identified. The effects of physical properties of mi-
croplastics, marine dynamic conditions, and sediment characteristics on the transport flux
of microplastics will be investigated.

The Spanish National Research Council team found that the five garbage patches in
the world’s oceans coincided with the locations of the five major circulation currents at
the ocean’s surface [6]. For example, the maximum abundance and mass of plastics were
3276 items/m> and 250 mg/m?3, respectively, in the subtropical circulation area of the North
Pacific [16]. Among the world’s oceans, the Indian Ocean Gyre is an important part of
the global ocean circulation, which has unique dynamic characteristics and a complex and
variable circulation structure [31]. The induced heat and volume transport variability have
important effects on regional material balance and global climate change [32]. The Indian
Ocean Gyre is mainly composed of the equatorial circulation, marginal sea circulation, and
vortex. Its dynamic adjustment process driven by the Indian monsoon and the Indian Ocean
Dipole (IOD) has complex multi-scale variation characteristics [33,34]. In addition, the
Indian Ocean is surrounded by India, Pakistan, Iran, Arabian Peninsula, Africa, Australia,
Indonesia, Malay Peninsula, and Antarctica. There are many ports around the Indian
Ocean, so the unique geographical position and human activities (fishing and shipping)
bring some environmental pollution to the sea area [35,36].

A large garbage patch exists in the southern Indian Ocean (62.6° E-81.4° E,
23.8° 5-32.9° S), which may have a certain influence on the distribution and ecologi-
cal effect of microplastics in the ocean [35]. Therefore, we traversed the southern Indian
Ocean in a latitudinal direction to collected microplastics using a peristaltic pump equipped
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on-board. The characteristics and distribution patterns of microplastics in the southern
Indian Ocean were analyzed. We also explored the effect of the Indian Ocean’s current on
the agglomeration distribution of microplastics. Our findings can provide more microplas-
tic monitoring data for a comprehensive and systematic evaluation of the environmental
behavior of microplastics in the ocean.

2. Materials and Methods
2.1. Sample Collection and Pretreatment of Microplastics

The study area is mainly located in the southern Indian Ocean (Latitude: 5.84° 5-34.16° S,
Longitude: 25.83° E-105.46° E). Seawater was collected by using a peristaltic pump at
46 stations. Firstly, we continuously collected 500 L of seawater at each station by using
the pump, and the volume of seawater was accurately recorded by a flowmeter. Then, the
seawater was concentrated on-site using a 20 um pore size sieve. The obtained concen-
trated seawater sample containing microplastics was filtrated onto the 0.45 pm pore size
nitrocellulose membrane. The nitrocellulose membrane was sealed with aluminum foil and
stored at —4 °C.

2.2. Qualitative and Quantitative Methods for Microplastics

The suspected microplastic particles or fragments were observed by Stereo Microscope
(Nikon SMZ1270) (magnification: 20-80). The characteristic information of microplastics
was recorded in detail, such as shape, and size [37]. The microplastic shape was cataloged as
fiber, fragment, granule, or foam. The size of microplastics was divided into four fractions
of <0.5 mm, 0.5-1.0 mm, 1.0-3.0 mm, and 3.0-5.0 mm, respectively. Photos of assumed
microplastics were taken by the DS RI2 camera system (Figure 1). The compositions of
the suspected microplastics were identified by a Fourier Transform Infrared Spectroscope
(micro-FTIR, PerkinElmer Spotlight 400, Llantrisant, UK) to determine the types of the
polymers. The spectra were acquired from a spectral resolution of 8 cm~! with co-scan
16 times, and the spectral range was set from 4000 cm ™! to 675 cm ™. The collection time
was 3 s with transmission mode. The size of the diaphragm depended on the size of
the microplastics in the sample. The obtained spectra of microplastics were compared
with the standard spectra in the spectra library of OMNIC PICTA software to determine
the composition of polymers. In this study, the matching degree between the spectra of
microplastic samples and the standard spectra from the Saddler database in OMNIC PICTA
software was higher than 80%. The minimum particle size of microplastics that we could
detect by this method was 20 pm.

2.3. Data Analysis Method and Quality Control

The unit of microplastic abundance in seawater is items/m?3. In the here-presented
study, Ocean Data View 4, Microsoft Excel 2013, Origin 9.0 and Surfer 14 were used to
calculate, process, and draw data maps.

During the collection of microplastic samples, we added a field blank sample between
every 10 microplastic samples. Because the sampling pipeline on board was mainly stainless
steel and welded on the ship, the interference monitoring of the pipeline was limited. We
monitored the possible interference caused by the connected rubber peristaltic tube. Thus,
the field blank samples (n = 5) obtained by filtering ultrapure water (filtered through a
nitrocellulose membrane) were set for quality control to investigate the interference of the
filtration process and environmental conditions of the laboratory on the scientific research
ship. During on-site filtration, the mouth of the filter cup was covered with aluminum
foil. During the identification and analysis in the laboratory, the laboratory personnel
wore cotton laboratory clothes, all instruments were cleaned with ultrapure water, and
the instruments and equipment were wiped with delicate task wipers (Kimwipes) dipped
in ultrapure water and alcohol. A blank filter membrane was placed near the sample to
correct the error caused by potential pollution in the detection process. Because we did not
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find microplastics in blanks, the final results in our study did not subtract the blank value
but were taken into consideration for interpretation.
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Figure 1. Morphology of microplastics and infrared spectra of microplastics.

3. Results and Discussion
3.1. Analysis of Zonal Distribution Characteristics of Microplastics in the Southern Indian Ocean
3.1.1. Abundance and Characteristics of Microplastics

In this study, fiber was the main shape of microplastics detected in seawater. Fiber
microplastics mainly come from synthetic clothing and other manufactured products [38,39].
Liu et al. [40] investigated microplastics in the atmosphere and found that 67% of the
microplastics were fibers, which could be transferred to the surface of the sea by the action
of the wind and eventually settled into the marine environment [41]. A total of 7% of
the amount of microplastics in the marine environment was due to the propagation of
wind alone [42]. Hence, the deposition of microplastics in the atmosphere may be one of
the main sources of microplastics in the ocean. Five types of polymers, including Rayon,
polyethylene terephthalate (PET), polyethylene (PE), polyamide (PA) and polyvinylidene
chloride (PVDC), were detected in our study. Rayon and PET polymers accounted for
38.5% of all detected polymers. Rayon is a kind of silk synthetic fiber, which is counted in
the category of microplastics by many reports [3,6,38]. PET is a highly crystalline polymer
that is widely used in the electronic and electrical industry. Eight colors of microplastics
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were found as follows: black, red, yellow, gray, blue, green, purple, and transparent. Black
and blue microplastics had high proportions of 42.31% and 32.69%, respectively.

The abundance range of microplastics was 0-12 items/m?3, and the average abundance
was 2.3 £ 2.1 items/m?. The distribution trend of microplastics is shown in Figure 2. The
highest abundance of microplastics appeared in the middle of the study area, followed by
the coastal region of South Africa. The area with the highest abundance of microplastics
in the middle of the study area was consistent with the vortex garbage patch area of the
Indian Ocean (62.6° E-81.4° E, 23.8° S-32.9° S), which verified that the ocean vortex had
agglomeration effect on microplastics. The detected microplastic particle size ranged from
108.2 um to 4703.0 um, with an average particle size of 1060.3 & 990.9 um. The particle
size of microplastic with the highest percentage ranged from 500 um to 1000 um (38.5%),
followed by 100 pm to 500 pum (28.85%).
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Figure 2. Sampling sites and abundance distribution of microplastics (“-” sampling stations).

The characteristic information of all identified single microplastic is shown in Figure 3.
The color of PA was mainly black, and 85% of PA particle size was less than 1 mm. The
colors of PE were mainly black (20.0%), yellow (20.0%), blue (20.0%), and green (40.0%). The
size of PE less than 1 mm accounted for 80.0%. A large amount of PET was detected, and
the colors of PET were mainly black (25.64%), red (25.64%), and blue (48.72%). The particle
size range of PET was large, with 30.77% less than 500 pum, 46.15% between 500-1000 pm,
and 23.08% between 1000-3000 um. Rayon also had a large number of colors, mainly black
(55.0%), blue (30.0%), green (10.0%), and purple (5.0%). The size of Rayon less than 500 pm
accounted for 35.0%, 500-1000 pm accounted for 20.0%, 1000-3000 wm accounted for 40.0%,
and 3000-5000 pm accounted for 5.0%. Two black PYDC microplastics with a particle size
of about 1000 um were found.
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Figure 3. Characteristic information of polymers, particle size, and color of all microplastics.

3.1.2. Spatial Distribution Analysis of Microplastics

The study area is surrounded by typical ocean currents, including the western Aus-
tralian cold current in the East, the South Equatorial warm current in the North, the Agulhas
warm current in the West, and the westerly drift in the South. There is typical upper cir-
culation in the study area [43,44]. Therefore, the interval distribution characteristics of
microplastics in the Indian Ocean would be driven by ocean currents. In this study, the
interval spatial distribution pattern of microplastics was systematically analyzed with
every 10° (longitude) as a regional gradient from 25.0° E to 105.0° E, which was based
on the abundance of microplastics. The results (Figure 4) showed that the average abun-
dance of microplastics fluctuated from low longitude area to high longitude area. The
average abundance of microplastics was relatively high in the areas of 25.0° E-35.0° E
and 65.0° E-75.0° E, with an average abundance of 4.0 items/m?>. The detection rate of
microplastic stations in the area of 25.0° E-35.0° E was 100%. The high abundance of
microplastics in the area of 25.0° E-35.0° E, close to the south African continent, may be
affected by the land source input because the discharge of domestic sewage had a certain
contribution to the abundance and distribution of microplastics in the marine environ-
ment [45] and aggravated the pollution of microplastics in the marine environment on the
land edge. The most common shapes of microplastics in domestic sewage were fiber and
fragment [46]. The high abundance of microplastics in the area of 65.0° E-75.0° E may
be mainly due to the existence of the Indian Ocean circulation garbage patch and vortex
agglomeration in this area.
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Figure 4. Longitudinal interval abundance of microplastics. Black dot “-” is the maximum value of

the data set.

Figure 5 shows the polymer and color characteristics of microplastics in this study area.
In the area of 25.0° E-35.0° E, the polymers and colors of microplastics were diversified.
The polymers of microplastics detected were PA, PE, PET, and Rayon. The main colors were
black, yellow, blue, green, and transparent. The proportion of PE and PET was relatively
high. PE is mostly used to manufacture plastic bags, plastic bottles, and packaging materials.
PET is mostly used to manufacture electronic devices and polyester. The garbage generated
by human coastal activities includes plastic bottles, fast food boxes, beverage cans, and
plastic bags. Shipping/fishing activities would produce waste fishing nets, fishing lines,
and floating garbage. Thus, human coastal activities would lead to PE or PET garbage
pollution in the marine environment [47,48]. We found more PE, PET, and Rayon in the
seawater, which could indicate that land source input may be one of the main reasons
for the diversity of microplastic types and the high average abundance in the area of
25.0° E-35.0° E. South Africa, adjacent to the sea, is the second-largest economy in Africa,
integrating industries, tourism, fisheries, and other developed areas [35]. The development
of industry may be one of the main factors leading to environmental pollution. Nel
et al. [49] studied the distribution of microplastics in beach sediments and water along the
southeast coast of South Africa. In the aforementioned study, anatomical microscopic was
used for detection and analysis. The results showed that the abundance of microplastics
in water was 257.9 + 53.36-1215 + 276.7 items/m?, which was higher than that in this
study. The particle size range of microplastics was 0.08-5 mm. The shape of microplastics
was mainly black and blue fibrous, similar to the color and shape of the microplastics in
our study. Li et al. [50] investigated microplastic content in subsurface water by using a
pump-underway ship intake system along the cross-oceanic transect from the Pearl River
Estuary to the Indian Ocean. Their results showed that microplastic abundance ranged
between 0 and 4.97 items/m?>. These collections identified PE, PP, and PET as the major
polymers represented. The presence of microplastics in coastal regions was significantly
higher than that in the open ocean, revealing the contribution of land-based sources to
marine microplastics and the ocean dynamics. Some results of microplastic distribution in
the aforementioned study were consistent with our research results.
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Figure 5. Polymer (a) and color (b) characteristics of microplastics.

The particle size range of microplastics in different longitude and latitude areas was
slightly different. The results (Figure 6) showed that the particle size range of microplastics
was 1546.5 + 1364.5 um in the areas of 25.0° E-35.0° E and 1248.7 4+ 738.7 um in the
area of 65.0° E-75.0° E. In addition, the particle size range of microplastics in the area of
25.0° E-35.0° E was the largest, ranging from 108.2 um to 4354.8 pm. The particle size of
microplastics presented similar diversified distribution characteristics with its types and

colors. The particle size range and color types of microplastics in our study were close to
the research results of Nel et al. [49].
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Figure 6. Particle size distribution characteristics of microplastics. (Red dot “-” is the average size of
all microplastics. Black dot “-” is the size of each microplastics).

3.1.3. Comparison of Microplastics in Different Ocean Waters

At present, the collection methods and units of microplastics differ. The common units
of microplastic abundance in seawater are “pieces/ km? or items/km?2” and “pieces/ m3
or items/m3”. The abundance of microplastics is not comparable due to lacking standard-
ization in sampling and analysis techniques [51,52]. Most of the microplastic samples in
surface seawater were mainly collected using horizontal trawl. In this study, the peristaltic
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pump and 20 um pore size sieve were used to collect and concentrate seawater. A compari-
son with the microplastic results in other sea areas could provide more microplastic date
support for expanding the monitoring of microplastics in the open ocean. Typical waters
adjacent to the Indian Ocean, Atlantic, and Arctic were selected in this study. The unit of
microplastic abundance is items/m?3, then the differences of microplastics in different sea
areas were analyzed (Table 1). The results showed that the abundance of microplastics in
Arctic seawater was relatively low [26], and the abundance of microplastics in the Atlantic
and the Indian Ocean was similar and in the same order of magnitude [53]. The shape of
microplastics in different areas was mainly fibrous, and the proportion of fibrous microplas-
tics in most areas was more than 90%. Some differences in the polymer and particle size
range of microplastics exist, which may be affected by different sampling and identification
methods and regional pollution differences [53-56]. However, the technology of collecting
microplastic samples with the peristaltic pump onboard has a certain application value,
which can obtain microplastic samples with spatial continuity in sea areas along the ocean
scientific investigation route.

Table 1. Abundance of microplastics in different sea areas.

Sampling Average Particle
Study Area Aperture  Abundance Main Polymer Size Shape
(um) (items/m3) (mm)
. Fiber, Fragment,
Northeast Atlantic [54] 250 2.46 Polyester, Nylon, Rayon 0.2-43.2 Pellet, Foam
Atlantic [53] 250 1.15 Polyester, polyamide, Rayon / Fiber, others
. Polyester, Polyamide, Polyethylene, Fiber, Fragment,
Arctic [29] 333 0-34 Acrylic, Polyvinyl chloride, cellulose 2:50-7.71 Film
Polyester, Polytetrafluoroethylene, Fiber, Fragment,
Ross sea [55] ! 0.17 Polymethyl methacrylate, Polyamide / others
Southern waters of 80 6.8 Polyethylene, Polypropylene, 1525 Fragment, Fiber,
Sri Lanka [56] ’ polystyrene - Pellet, Film
Rayon, Polyethylene, Polyethylene
This study 20 2.3 terephthalate, Polyamide, 0.11-4.70 Fiber

Polyvinylidene Chloride

3.2. Effects of Ocean Currents on the Distribution of Microplastics in the Indian Ocean

An in-depth study of the transfer process and influencing factors of microplastics in
the marine environment is conducive to accurately judging the convergence and fate of
microplastics in the ocean. Microplastics have floatability and move with ocean currents.
The transfer or diffusion of microplastics in the ocean is greatly affected by the flow direction
of ocean currents. Previous studies showed that ocean currents could affect the spatial
distribution of microplastics in seawater [57]. The sea surface rotation at low latitudes
may have an effect on the abundance distribution of microplastics in the southern Indian
Ocean [58]. In the study of the distribution of microplastics in the north Atlantic subtropical
circulation region, Brach et al. [59] found that the mesoscale eddies had agglomeration and
transport effects on microplastics, and the abundance of microplastics in the anticyclonic
vortex region was 9.4 times higher than that in the cyclonic vortex region. Both currents
were relatively strong in this studied area, with south Equatorial Current to the north and
westerly drift to the south(blue in Figure 7). Weak upper circulation and convergence
were found in the central area of the studied area. Figure 7 shows the correlation between
the abundance distribution of microplastics and the upper layer ocean circulation. We
found that the Indian Ocean layer ocean circulation had an obvious effect on the spatial
distribution of microplastics, as follows:
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Figure 7. Upper-layer ocean circulation and microplastic distribution in the Indian Ocean. (I, II and
III are the different specific area).

Area I had a strong equatorial warm ocean current, and the abundance of microplastics
in the area was low, with an average abundance of about 0.9 items/m?. We found that
microplastics were not easy to agglomerate in the high ocean current water due to the
impact of strong ocean currents.

In Area II, the ocean circulation intensity was relatively weak, and the ocean circu-
lation direction was turning and gyrating. Thus, a convergence area existed here. Thus,
microplastics in the area tended to agglomerate, and the abundance of microplastics tended
to increase, with an average abundance of microplastics of 2.1 items/ m3.

Area Il is close to the African continent. The distribution of microplastics showed
relatively high abundance in the coastal region of South Africa and an increasing trend with
the direction of the ocean current. A convergence area of the ocean current existed in the
edge of westerly drift near the South African continent, and the abundance of microplastics
in this region was also relatively high, with an average abundance of microplastics of
3.5 items/m?3. The distribution characteristics of microplastics in Areas II and III revealed
that ocean current convergence had an effect on microplastic agglomeration.

4. Conclusions

Continuous fragmentation of plastic waste in the ocean garbage patch and the impact
of human activities would lead to the threat of microplastics to the marine ecological
environment. We found that the distribution characteristics of microplastics in the southern
Indian Ocean showed zonal fluctuation and uneven regional abundance distribution pat-
tern. The abundance of microplastics was relatively high in regions adjacent to the African
continent and in the Indian Ocean garbage patch, which showed that the distribution of
microplastics in the Indian Ocean may be affected by the continent-sourced input, and the
oceanic garbage patch may also contribute to the current abundance of microplastics. The
results showed that the average abundance of microplastics in the Indian Ocean gyre region
was relatively high, which confirmed that ocean currents had agglomeration and transport
effects on microplastics. However, the abundance data of microplastics in the open ocean
remain insufficient. More studies and surveys should be comprehensively and systemati-
cally carried out to study the ecological harm caused by the presence of microplastics in
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the ocean and their transfer law in the environment. In the future, the accumulation of
monitoring data of microplastics in the ocean needs to be strengthened, but the methods of
sample collection and detection of microplastics are also required to reach standardization.
In this study, the peristalsis pump sampling method can realize the continuous collection
of microplastics in the vast open ocean, which can increase a large number of microplas-
tic samples during the voyage. In addition, the effects of cracking, polymerization, and
adhesion on the transport of microplastics based on simulation experiments should be
investigated. New physical models for microplastics should be constructed to accurately
predict the transfer of microplastics in the ocean, such as a hydrodynamic module and a
environmental process module for microplastics.
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