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 1 

Abstract 2 

This study investigates the incidence of MPs in surface sediment samples, collected from 3 

the Anzali Wetland, Gillan province, North of Iran. This natural habitat receives municipal 4 

wastewater effluents and hosts industries and recreational activities that could release plastic to 5 

the wetland. There is need for studies to understand MPs pollution in wetlands. A total of 40 6 

superficial sediment samples were taken covering potential pollution hotspots in the wetland. 7 

The average level of MPs was 362 ± 327.6 MPs/kg: the highest MPs levels were near the outlet 8 

of a highly urbanized river (Pirbazar River) (1380 MPs/kg), which runs through Rasht city. This 9 

was followed by 1255 MPs/kg where there was intense fishing, boating and tourism activities 10 

in the vicinity of Bandar-e Anzali city. Fibers were the most common type of MPs (80% of the 11 

total MPs detected). The MPs polluting the wetland were predominantly white/transparent 12 

(42%), and about 40% of them were >1000 μm. Polypropylene (PP) and polyethylene (PE) 13 

prevailed in MPs found. MPs were characterized with polarized light microscopy, Raman 14 

spectroscopy, Scanning Electron Microscopy coupled with Energy-Dispersive X-ray 15 

spectroscopy. Microplastics levels were found to correlate significantly (p>0.7) with electrical 16 

conductivity (EC) and sand-size fraction of the sediments. Coarse-grained sediments presented 17 

large capacity to lodge the MPs. This study can be used to establish protection policies in 18 

wetlands and newly highlights the opportunity of intercepting MPs in the Anzali Wetland, 19 

which are generally >250µm, before they fragment further. 20 
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Highlights 28 

 29 

• Microplastics were detected in all sampling sites in the Anzali Wetland (30 - 1380 30 

MPs/kg). 31 

• The highest MP concentrations were near urban areas and river mouths. 32 

• Coarse-grained sediments have large capacity to lodge MPs load from wastewater. 33 

• Large MPs (>1000 µm) are more prone to settle in the sediments of the wetland. 34 

 35 

1. Introduction 36 

Plastics are widely used and spread in the environment. It is difficult to calculate plastic 37 

release to the environment reliably (Qian et al., 2021). Approximately 6.3 billion tonnes of 38 

plastic had been generated until 2015 (Geyer et al., 2017). In a single year, 2010, ~ 4.8 - 12.7 39 

million tonnes of plastic waste were transferred to the ocean, and there is an increasing trend 40 

with both plastic production and accumulation (Jambeck et al., 2015). Plastic pieces <5 mm are 41 

defined as microplastics (MPs) (Lambert et al., 2014). Microplastics are highly stable and can 42 

remain in the aquatic environment for a long time (Manbohi et al., 2021). The elimination of 43 

MPs from environmental matrices is not practicable yet (Bellasi et al., 2020). Therefore, MPs 44 

are now a global growing ecological concern (Dissanayake et al., 2022). MPs can be classed 45 

regarding their origin as primary and secondary MPs (Thompson, 2004). Primary MPs are made 46 

intentionally in the MPs size range, whereas secondary MPs originate gradually as a result of 47 

plastic degradation (Bellasi et al., 2020). Microplastics can act as vectors for several types of 48 

toxicants that can become adsorbed onto their surface owing to MPs’ relatively high sorption 49 

capacities (Razeghi et al., 2021). Microplastics are potentially bioavailable and can be eaten 50 

erroneously as food by organisms (Wang et al., 2021). In the aquatic environments, 70% - 90% 51 

of the MPs deposit on surface and sub-surface sediment layers. Hence, sediments quality can 52 

be used in the assessment ecosystems’ health (Yao et al., 2019). Wetlands provide ecological 53 



 

 

services for species and play a significant role in water filtration and stormwater management 54 

(Woodward and Wui, 2001). They are threatened by contaminants, and although important 55 

amounts of MPs end up in the marine environment via inland freshwater, there are insufficient 56 

studies on MPs pollution in wetlands sediments (Rasta et al., 2020; Yuan et al., 2019). Previous 57 

studies have reported that the discharge of wastewater effluents is a main source of MPs in 58 

wetlands (Naji et al., 2019; Rasta et al., 2020; Li et al., 2020; Edo et al., 2020; Helcoski et al., 59 

2020) but they remain largely unexplored ecosystems regarding MP pollution. 60 

 61 

The Anzali Wetland is a coastal wetland linked to the Caspian Sea located in the North of 62 

Iran. It was listed in the Montreux record as a site needing priority conservation, because it is 63 

confronted with high pollution load (Hassanzadeh et al., 2021). Due to the ecological and 64 

economic importance of the Anzali Wetland, several environmental studies have been 65 

conducted there (ALabdeh et al., 2020; Esmaeilzadeh et al., 2016a, 2016b; Hassanzadeh et al., 66 

2021; Rasta et al., 2020; Shariati et al., 2019). Microplastics contaminating the wetlands were 67 

reported earlier in the sediment of the wetland (140-2820 and 113-3690 MPs/kg) (Rasta et al., 68 

2020); in its surface water (0.40-4.41 and 0.19-2.85 MPs/m3) (Rasta et al., 2020); and in fish 69 

tissues (1.1-2.26 MPs/individual) (Rasta et al., 2021) collected from a small area in the Anzali 70 

Wetland. Goals of this study are characterizing the levels and spatial distribution of MPs in 71 

superficial sediment samples from the Anzali Wetland and understanding the link between the 72 

MPs pollution in the wetland with its sources. This study will support the evaluation of the 73 

ecological risks of MPs in the wetland and will inform protection policies regarding plastic 74 

pollution for wetland areas in Iran. 75 

 76 

 77 

 78 

 79 



 

 

2. Material and methods 80 

2.1. Study area 81 

The Anzali Wetland is located in the North of Iran (Gilan Province) and Southwest of the 82 

Caspian Sea (37°25′ to 37°30′N and 49°15′ to 49°30′E) (Fig. 1). The wetland (193 km2) is rich 83 

in biota (Esmaeilzadeh et al., 2016b; Naderi and Saatsaz, 2020). The regional climate is 84 

predominantly subtropical and the average annual precipitation in this region is ~1200 mm 85 

(Naderi and Saatsaz, 2020). The catchment area of the wetland watershed is about 3610 km2 86 

(Amini et al., 2021), with approximately 969 K permanent residents, according to the 2017 87 

census. The most populated cities in this catchment are Rash and Bandar-e Anzali cities with 88 

680 K and 119 K inhabitants, respectively. Fig. 1 shows the study site, including the presence 89 

of semiconductor, electronic, and food industries. Additional information regarding the Anzali 90 

Wetland is given in Supporting Information S1.  91 

 92 

2.2. Sample collection  93 

A total of 40 superficial sediment samples were collected from the Anzali Wetland in June 94 

2021 (Fig. 1). Samples were collected from the vicinity of Bandar-e Anzali city, which is 95 

affected by urbanization, boating traffic, tourist and fishing activities (A Group; A1 to A5); 96 

from outflow pathways that discharge the wetland's water into the Caspian Sea (B Group; B1 97 

to B3); from the middle part of wetland (it may be impacted by shipping and fishing activities 98 

(C Group; C1 to C8)); from inflow pathways which may be contaminated by municipal, 99 

agricultural, and industrial wastewater of surrounding residential and agricultural areas (D 100 

Group; D1 to D24). Detailed information regarding sample preparation, extraction of MPs and 101 

analyses of physico-chemical parameters of the soil sediment samples can be found in 102 

Supporting Information (S2 to S5). 103 

 104 

 105 



 

 

2.3. Identification of MPs 106 

Physical characteristics of suspected MPs were recorded using a binocular stereoscopic 107 

microscope (ZTX-E up to × 80 magnification). The MPs were inspected optically considering 108 

the criteria proposed by Norén (2007) and Hidalgo-Ruz et al. (2012). Also, each particle that 109 

could potentially be made of plastic was verified as plastic with a hot needle. Based on 110 

birefringent properties of anisotropic MPs, polarized light microscopy (PLM) (PM, Olympus, 111 

Ramsey, NJ, USA) was used to verify our visual inspection (Lusher et al., 2013). The size of 112 

MPs was determined by measuring the longest dimension (L). They were divided into four 113 

classes (100 ≤L<250 μm, 250≤ L< 500 μm, 500≤ L< 1000 μm, and L≥1000 μm). Microplastics 114 

<100 μm were not counted due to possible visual error (Kershaw et al., 2019). The MPs were 115 

categorized by shape into three kinds (fiber, fragment and film) and by color into five categories 116 

(white/transparent, black/grey, red/pink, blue/green, and yellow/brown). The composition of a 117 

set of 40 randomly selected MPs was identified using an XploRA Plus confocal Raman 118 

spectroscopy (Jobin Yvon, HORIBA Gr, France) with IR-laser (785 nm, with maximum power 119 

= 100 mW). A 50%-filter controlled by software was used to decrease the laser power on 120 

samples. Raman shifted spectra was measured with 0.2 cm−1/pixel spectral resolution in the 121 

range of 400 to 1800 cm−1 using an acquisition time of 15s. The device was calibrated by 122 

recording the Raman spectrum of pure silicon wafer as a sample reference. The HORIBA 123 

Scientific’s Lab Spec 6 Software package was used for instrument control, spectra data 124 

collection, and analysis. Polymers were identified by matching spectra obtained by the one in 125 

the HORBIA Edition of the KnowltAll ® standard database. Surface morphological features of 126 

randomly selected MPs, along with the elemental composition of them, were analyzed by 127 

Scanning Electron Microscope (SEM, TESCAN Vega 3, Czech Republic) with a resolution of 128 

2 nm at 20 kV armed with an energy-dispersive X-ray microanalyzer (EDS).  129 

 130 

 131 



 

 

3. Results and discussion 132 

3.1. Abundance and distribution of MPs 133 

Microplastics were detected in all sediment samples (Fig. S1). A total of 2899 MPs were 134 

counted. Since MPs < 100 μm were not counted, there is some underestimation taking place. 135 

The obtained results were analyzed statistically (described in Supporting Information S6). The 136 

abundance of MPs varied from 6 to 276 MPs/200 g DW (dry weight) (i.e., 30 to 1380 MPs/kg 137 

sediment sample). The average value of MPs concentration was 362 ± 328 MPs/kg. 138 

Kolmogorov–Smirnov test indicated that MPs abundances were non-normally distributed (p 139 

<0.05). The mean concentration of MPs in the group A (Fig. S1a), which are located in the 140 

vicinity of Bandar-e Anzali city, was higher than others. The average abundance of MPs among 141 

four sampling groups varied in the order A (659 ± 427 MPs/kg) > D (413 ± 312 MPs/kg) > B 142 

(163 ± 72 MPs/kg) >C (99 ± 67 MPs/kg) (Fig. S1a). A significant difference (p = 0.001) was 143 

observed between MPs abundance in different sampling groups.  144 

The lowest levels of MPs were found in C5 (30 MPs/kg), C1 (35 MPs/kg), and C2 (45 145 

MPs/kg) (Fig. S1b). These stations are located in the middle part of the wetland, suggesting that 146 

less impactful anthropogenic activities are taking place this part of the wetland (Fig. 1). The 147 

maximum abundances of MPs were in A5 (1255 MPs/kg) and D15 (1380 MPs/kg) (Fig. S1b). 148 

Those in A5 could be due to the presence of an extensive range of boating, tourism, recreational 149 

and fishing activities in the Bandar-e Anzali city that could release MPs to the wetland. In the 150 

study area, abundant rain can also intensify the transport of MPs from the watershed and urban 151 

areas into the Anzali Wetland via runoff and/or rivers (Zhou et al., 2020). A sediment sample 152 

from D15 was collected from the bed sediment of the Pirbazar River: the main source of water 153 

supplying the wetland. The Pirbazar River originates from the connection of two polluted rivers, 154 

Goharrood and Zarjoub. They pass-through Rasht city and enter the study wetland (Amini et 155 

al., 2021; Hassanzadeh et al., 2021). Previous research indicated that the Pirbazar River was 156 

one of the main entry routes of contamination from the catchment to the Anzali Wetland 157 



 

 

(ALabdeh et al., 2020; Amini et al., 2021; Esmaeilzadeh et al., 2021). The Pirbazar River is a 158 

sink of untreated wastewater, urban runoffs, disposal waste, and landfill leachate. These 159 

findings evidence that it can transport substantial amounts of buoyant MPs, some of which 160 

settle in the sediment from the uplands toward the wetland . In contrast, farm equipment, 161 

atmospheric deposition, and plastic cases discarded from bird hunting were found less 162 

important sources of MPs in the Anzali Wetland (Rasta et al., 2020). The Anzali Wetland is a 163 

pathway that carries an important load of MPs pollution which may be brought to the Caspian 164 

Sea through several channels. Microplastic abundance in the B group of sampling stations 165 

(where samples were collected from outflow pathways) was lower than in the A and D groups. 166 

It could be that, in these sampling sites (A, D), the entrapped MPs in surficial sediments layers 167 

were washed away by water currents from the Caspian Sea. Furthermore, buoyant MPs in the 168 

B region cannot settle rapidly onto the wetland surface sediment due to the interaction between 169 

wetland water and seawater. 170 

The average concentration of MPs in the sediment samples of the Anzali Wetland 171 

(362±327.6 MPs/kg) was higher than what was found in wetlands in the Persian Gulf (20 ± 6.36 172 

to 35 ± 0.71 MPs/kg) (Naji et al., 2019) and Greater Melbourne (46 MPs/kg) (Townsend et al., 173 

2019) (Table S1). These wetlands are situated in protected areas with a low level of human 174 

interference unlike the Anzali Wetland. In contrast, the sediments of the Yellow River Delta 175 

(136-2060 MPs/kg) (Duan et al., 2020); Queensland's Gold (595 ± 12 to 320 ± 42 MPs/kg) 176 

(Ziajahromi et al., 2020); Futian (2835 ± 713 MPs/kg) (Duan et al., 2021); East Kolkata (2125-177 

6886.76 MPs/kg) (Sarkar et al., 2021); and Setiu Wetland (750 ± 3838 to 14250 ± 4343 MPs/kg) 178 

(Ibrahim et al., 2021), were affected by highly urbanized rivers, fisheries and aquaculture and 179 

also had relatively high MPs pollution. The mean abundance of MPs found in the present study 180 

was lower than in a previous study by Rasta et al. (2020) in the Anzali Wetland (784 ± 877.8 to 181 

520 ± 1024.2 MPs/kg). The earlier study carried out sampling near the Bandar-e Anzali city: a 182 



 

 

hotspot of anthropogenic contaminants, whereas the present study involved a more general 183 

sampling in the entire Anzali Wetland. 184 

3.2. Characterization of MPs 185 

The collected MPs were classified into three major groups, namely fibers (Fig. 2a-c), 186 

fragments (Fig. 2d-f) and films (Fig. 2g-h). Although, some selected MPs showed clear 187 

birefringence properties under cross-polarized light (CPL) (Fig. 2i-l), it was not practical to 188 

verify all types of MPs by using this technique because most MPs did not show birefringent 189 

properties. Fibers were the most common shape of MPs (80%) followed by films (12%) and 190 

fragments (8%). Fibers were observed in all samples with a proportion of 37-100%, specifically 191 

the maximum numbers of fiber MPs were counted in A5 (1110 MPs/kg) and D15 (1285 192 

MPs/kg) (Fig. 3a). This results agree with earlier research in the Anzali (Rasta et al., 2020), 193 

Yellow River Delta (Duan et al., 2020), Persian Gulf (Naji et al., 2019), Xijin (Wang et al., 194 

2021), and Queensland's Gold (Ziajahromi et al., 2020) wetlands (Table S1). Microplastic fibers 195 

are released from garments. One garment can produce more than 1900 fibers per wash (Browne 196 

et al., 2011). This demonstrates that the dominant source of MPs in the study area could be 197 

domestic wastewater effluents input via local rivers and/or urban runoffs. Additionally, 198 

degradation of different types of worn or discarded commercial fishing gear like net and rope 199 

are potentially other sources of fibers in Anzali Wetland (Mehdinia et al., 2020). Naji et al. 200 

(2019) demonstrated that untreated effluent discharges from residential areas are the main 201 

source of fibers in sediments of the mangrove ecosystem in the northern coast of the Persian 202 

Gulf. Films can be originated from the fragmentation of discarded wrapping materials and 203 

plastic bags. These films can also break down further when transported over long distances in 204 

rivers (Soltani et al., 2022; Townsend et al., 2019). The maximum numbers of films were 205 

counted in A1 (160 MPs/kg), D4 (170 MPs/kg) and D17 (250 MPs/kg). The maximum number 206 

of fragments were counted in A1 (100 MPs/kg) and D18 (205 MPs/kg) (Fig. 3a). 207 



 

 

The most abundant color of MPs were white/transparent and black/grey, with about 42% 208 

and 28% of the total, respectively (Fig. 3b, S2a). The high percentage of white/transparent MPs 209 

may be due to photobleaching and photodamage of their original colors by ultraviolet (UV) 210 

light (Firdaus et al., 2020). Yellow/brown, red/pink and blue/green were other identified colors 211 

in the samples (Fig. S2a), these MPs could have entered the environment recently. The variety 212 

of colors was higher than what was reported in a previous study (Rasta et al., 2020). Although, 213 

the original color of the MPs in sediment samples may be altered during weathering, biofilm 214 

formation, bleaching and erosion processes (Firdaus et al., 2020) as well as during sample 215 

preparation and MPs extraction processes (Soltani et al., 2022), it has been reported that wide 216 

variety of colors can be due to wide range of MPs sources (Mehdinia et al., 2020). Among the 217 

fiber MPs, white/transparent was their most common color (39%), followed by black/grey 218 

(28%) (Fig. S2b), which were also commonly recognized elsewhere (Table S1). The most 219 

prevalent color for fragments and films were black/grey (43%) and white/transparent (43%) 220 

(Fig. S2c and d). Also, the predominant color in A5 and D15 (the most contaminated stations) 221 

was white/transparent (Fig. 3b). This prevalent color points towards possible accumulation of 222 

plastic with time in these sites, which is revealed by the abundant fraction of plastics that could 223 

be white due to photobleaching.  224 

Fig. 3c showed the percent distribution of size classes (in μm) of MPs in the study area. 225 

Microplastics sizes ranged approximately between 100 µm and 1500 µm with an average length 226 

of 950 µm. The prevalence lengths were in the range of L≥1000 μm (41%), followed by 227 

500≤L<1000 μm (32%) (Fig. S3a). The predominant size of fiber, fragment, and film was 228 

1000≤L μm (47%), 250≤L<500 μm (40%), and 500≤L<1000 μm (37%), respectively (Fig. S3b, 229 

c, and d). Approximately 91% of the MPs were >250 μm and 9% of them in the 100 ≤L<250 230 

μm category (Fig. S3a). 231 

Different MPs sources, MPs degradation degree, impact of weathering agents, composition 232 

of the polymer and laboratory procedures (e.g. sampling net cut-off, sample preparation steps 233 



 

 

including harsh chemical), and diagnostic errors can affect the size distribution of MPs reported 234 

in the study areas (Li et al., 2018). The results of the previous research in the wetland showed 235 

that fibers with 1000 to 2000 μm were the most abundant in Anzali Wetland (Rasta et al., 2020). 236 

Similarly, in the urban wetlands of Kenil worth Park (Li et al., 2020), Guangxi (Zhou et al., 237 

2020), and Hainan (Zhou et al., 2020), fiber particles >1000 μm were dominant in sediments 238 

samples. This relatively big size can indicate that the fiber MPs are relatively “fresh” in the 239 

ecosystem and have not undergone further fragmentation caused by weathering.  240 

The small MPs might remain floating in the water column, while the larger ones with 241 

densities slightly higher than water are more prone to settle at the bottom sediments of wetland 242 

(Nizzetto et al., 2016). The average size of fragments found in this study (~350 µm) was smaller 243 

than fibers (~ 900 µm) and films (~ 600 µm). The fragments have probably resulted from greater 244 

weathering of larger MPs or larger plastics than other types. The predominant relatively big 245 

fraction size of MPs (>250µm) is indicative that there is an opportunity to intercept these MPs 246 

before they fragment further into smaller MPs (<250 µm), which were found to prevail in other 247 

environmental compartments such as soil (Nematollahi et al., 2022).  248 

 249 

3.3. Interrelations of MPs abundances 250 

Principal component analysis (PCA) of the main five different colors of MPs found, main 251 

shape types and sizes classified in four ranges (the Kaiser–Meyer–Olkin values were higher 252 

than 0.7) are shown in Fig. 4a. Principal component 1 and 2 explained 68.75% and 11.60% of 253 

total variances contributing in both PCs. Fiber, film, white/transparent, yellow/brown, red/pink, 254 

blue/green, black/grey, 100≤L<250 μm, 500≤L<1000 μm, and 1000≤L μm fell in PC1 and had 255 

a strong correlation (p>0.5) (Table S2 and S3), suggesting that they follow similar distribution 256 

in the sediment sampling stations. Fragment 250≤L<500 μm had greater influence in PC2 257 

(Table S2), confirming that the majority of fragments are in that size range (Fig. S3c). Fragment 258 

have no significant positive relation with fiber and film, i.e., its eigenvectors make a very large 259 



 

 

angle (Table S2 and S3). This shows a different distribution of fragment in the samples and 260 

thus it likely originates from different sources and distribution routes. Fibers and films were 261 

prevalent in A and D sampling groups, whereas fragment were mainly associated with sites in 262 

A and B sampling groups. Sample scores in the PCA illustrated that A5 and D15 had a very 263 

strong positive score in PC1 (Fig. 4a), suggesting that these sampling sites greatly control the 264 

distribution of these types of MPs in the study area. Also, based on sample scores, MPs 265 

contamination in the Anzali Wetland was mainly released from A and D sampling groups. 266 

The interrelations between MPs, the physico-chemical parameters and sampling groups are 267 

displayed in Fig. 4b. Principal component 1 and 2 explain 33.91% and 24.08% of total 268 

variances. The total concentration of MPs (fiber, fragment, and film), sand, and electrical 269 

conductivity (EC) fell in PC1 and this suggests that the occurrence of MPs in sediments can be 270 

impacted by these factors. Alternatively, silt, clay, pH, organic matter (OM), cation exchange 271 

capacity (CEC), and CaCO3 had greater influence in PC2 (Table S4). There is no significant 272 

correlation between these parameters and MPs (Table S5). A strong positive relationship 273 

between MPs and EC (p>0.7) could be due to the input from domestic wastewater effluents via 274 

local rivers that may also receive urban runoffs. Suhogusoff et al. (2019) reported that 275 

wastewaters containing salts can contribute towards the total salt content and cause the increase 276 

of EC of the effluent.  277 

Sediment grain size may influence MPs distribution. Studies have found that MPs are more 278 

abundant in fine grain sediments (Soltani et al., 2022; He et al., 2020; Liang et al., 2022). 279 

Nevertheless, there was no positive correlation between MPs and the clay fraction of samples 280 

in this study (Table S5). The high levels of MPs counted from fine-grained sediments are 281 

presumably the result of higher surface tension of fine particles (Soltani et al., 2022; Li et al., 282 

2020). On the other hand, fine-grained sediments are known to be more cohesive (Nor and 283 

Obbard, 2014), which potentially hinders MPs filtration, unless sediments are in suspension. In 284 

this study, a strong positive relationship between MPs and sand (p>0.9) was found (Table S5). 285 



 

 

It could be because coarse-grained sediments tend to have large interstitial pores, which could 286 

lodge MPs. This is supported by Govender et al. (2020) who found that MPs in sediment was 287 

positively correlated with coarse (500–2000 µm)-grained sediments. 288 

 289 

3.4. Polymer composition 290 

Typical Raman analysis spectra of some detected MPs are illustrated in Fig. S4. 291 

Polypropylene (PP; with a density of 0.92 g/cm3), polycarbonates (PC; with a density of 1.2- 292 

1.22 g/cm3), polyethylene terephthalate (PET; with a density of 1.38 g/cm3), polyvinyl chloride 293 

(PVC; with a density of 1.38 g/cm3), nylon (NYL; with a density of 1.15 g/cm3), low-density 294 

polyethylene (LDPE; with a density of 0.910-0.925 g/cm3), medium-density polyethylene 295 

(MDPE; with a density of 0.926–0.940 g/cm3), and high-density polyethylene (HDPE; with a 296 

density of 0.93 to 0.97 g/cm3) (Lusher, 2015) were detected from the selected MPs. The 297 

matching ratio between the experimental spectra and the database ranged between 75% and 298 

90%. The match degrees can be affected by weathering, aging, and adherence of other 299 

substances (Li et al., 2018). The density of PC, PET, PVC, and NYL MPs was higher than that 300 

of seawater and freshwater, and hence they are expected to be immersed in the sediment after 301 

entering the wetland (Amaral-Zettler et al., 2021).  302 

Deposition of light polymers (PP and PE) into the sediments may have been affected by 303 

biofouling, weathering, hetero-aggregation or biomolecule adsorption processes (Soltani et al., 304 

2022). Also, adsorption and adhesion of foreign materials such as clay minerals or quartz grains 305 

in superficial pits, grooves and cracks of weathered MPs may alter sinking behavior of MPs 306 

(Zhou et al., 2018). In this study, adhered mineral substances were observed onto particles using 307 

SEM images (Fig. 5a, c, and d). Raman analysis indicated large variety of polymers within the 308 

fibers, which is presumably related to their numerous sources (Zhou et al., 2020). Our results 309 

were different from the previous study in Anzali Wetland. We did not detect polyester (PEST), 310 

polyacrylonitrile (PAN), and polystyrene (PS), which were reported by Rasta et al. (2020). It 311 



 

 

can be concluded that MPs with wide variety of polymeric compositions were deposited in the 312 

sediments of Anzali Wetland. 313 

Polypropylene and PE were the main polymer types of MPs (35%), followed by NYL (13%). 314 

The types of polymer composition can link the MPs with their sources. Polypropylene and PE 315 

were the most reported polymers not only in the Anzali Wetland but also in other wetlands 316 

(Table S1). Since PP and PE are utilized to produce fishing nets and ropes, addition to untreated 317 

wastewaters, fishery and mariculture activities may be significant sources of these polymers 318 

(Chowdhury et al., 2017). Moreover, these polymers are frequently employed in manufacturing 319 

many products including clothes, supermarket bags, food containers, plastic bottles, bottle caps, 320 

and compact discs (Elvers, 2016). Nylon particles mainly may originate from clothes, ropes, 321 

fishing lines, and fishing nets, and PET fibers may release from textile (Wen et al., 2018). 322 

Polyvinyl chloride is applied in the manufacture of electric cables, bottles, pipes, and cups 323 

(Andrady, 2011). Polycarbonates is primary used in the production of disposable tableware, 324 

bottles, electronics, watch cases, the healthcare industry, medicine, safety goggles, home 325 

appliances, etc. (Maghsodian et al., 2021). 326 

 327 

3.5. Morphology of MPs 328 

In MPs studies, sample preparation, separation and imaging may change morphological 329 

characteristics of MPs (Soltani et al., 2022). Irregular fragments were found to be rough and 330 

eroded together with deformations, fractures, pits, flakes, and edged structures which signifies 331 

their weathering and mechanical fragmentations (Fig. 5a) (Ibrahim et al., 2021). Wang et al., 332 

(2017) concluded that the irregular shape of MPs indicates mechanical breakage. Films 333 

exhibited porous surfaces with common weathering and aging patterns such as cracks, pits, 334 

fractures, regular edge and grooves (Fig. 5b and c). The relatively uneven surfaces of most MPs 335 

demonstrate that they presumably have undergone several degrees of weathering processes. 336 

Fig. 5b showed two LDPE films with different degree of weathering. The spectra match of 337 



 

 

intensively weathered LDPE film (78%) was lower than that from moderately weathered LDPE 338 

film (85%). Fibers displayed a relatively linear and smooth surfaces (Fig. 5e and f), although 339 

signs of weak physical abrasion and chemical weathering as deformations and indentations are 340 

observed. The relatively soft morphology of the fibers suggests that most of them were derived 341 

from adjacent contamination sources, although due to weathering, some may degrade further 342 

into smaller MPs (Nematollahi et al., 2020). 343 

 344 

3.6. Elemental composition of MPs 345 

The EDX analysis indicated that C (47.7-85.1%) and O (10.7-28.2%) are major constituents 346 

of MPs (Fig. 5). Furthermore, trace amounts of some other elements including Na, Mg, Al, Si, 347 

Cl, K, Ca, Fe, Cu, Zn, and Ti were also identified. Since plastics are usually made of 348 

organic/inorganic substances and contain C, O, H, S, Si, and Cl (do Sul and Costa, 2014), other 349 

detected elements may be originated from chemical additives to polymers (do Sul and Costa, 350 

2014), adsorption from external environments or chemicals used for MPs isolation (e.g. Zn, Cl) 351 

(Mehdinia et al., 2020). Titanium in the form of TiO2  -NPs is added to polymer materials to 352 

make white pigments or UV blockers (Wang et al., 2017). Silica is commonly incorporated into 353 

thermoplastics in order to enhance plastic resistance. Iron is generally used as inorganic 354 

pigments to yield red and yellow colors (Nematollahi et al., 2021). Aluminum, Ca, Mg, Na, and 355 

Si are commonly used as additives to defer the oxidation of the plastic material. Moreover, 356 

geogenic Al, Ca, Si, and Mg can originate from natural materials such as soil or dust. Copper 357 

and Zn can be originated from burning fossil fuels and industrial activities, and they could be 358 

sorbed onto the MPs (Nematollahi et al., 2020). 359 

There were differences in the relative amounts of C and O between fragment (C: 47.70% 360 

and O: 21.50%) (Fig. 5a) and fiber (C: 85.07% and O: 12.31%) (Fig. 6d) with same polymeric 361 

composition. The presence of a high level of O (W %) and low level of C (W %) in fragment 362 

can be a sign of intensive weathering (Soltani et al., 2022). Overall, the surfaces of fragments 363 



 

 

and films displayed signs of sever photochemical and mechanical weathering, but surfaces of 364 

fibers appeared to be largely intact. Weathering increases roughness of the surface of MPs and 365 

enhance their capability to adsorb various environmental contaminants  (Mehdinia et al., 2020). 366 

Surface pits and grooves in MPs were filled with tiny irregular-shaped substances (Fig. 5a and 367 

b). As shown in Fig. 5, the percentage (W %) of detected trace elements in fragment and film 368 

were higher than in fiber.  369 

 370 

4. Conclusion 371 

This study demonstrates that superficial sediments of the Anzali Wetland were contaminated 372 

with MPs. Fiber-like particles, white/transparent, black/grey in color, L≥1000 μm in size, and 373 

PP and PE in polymer types dominated. Microplastic abundance showed a significant positive 374 

correlation with the sand fraction and EC. This points towards a potential role of coarse-grained 375 

sediments on the transport and ultimate fate of MPs load of wastewater in the Anzali Wetland. 376 

Furthermore, laboratory simulation experiments are recommended to examine these 377 

relationships. Untreated wastewaters inputs via local rivers and/or urban runoffs, as well as 378 

fishing, tourism, and recreational activities, probably were the essential parameters that should 379 

be monitored in the studies of MPs sources of the Anzali Wetland. From the new information 380 

found by this study, there is urgent need for domestic and industrial wastewater treatment 381 

systems and plastic waste regulation plans in areas affecting wetlands. Our results present the 382 

assessment of the status of MPs pollution in the Anzali Wetland and can be used to know the 383 

estate of the pollution, necessity to remediate the site and stop relevant emissions causing such 384 

pollution.  385 
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 597 

Fig. 1. Geographic position of the sediment sampling stations in the Anzali Wetland, Northern Iran. 598 
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 604 

Fig. 2. Optical microscopy images of MP particles from wetland sediment samples. (a-c): fibers, (d-f): fragments, 605 

(g-h): films, and polarized light microscopy images: (i): fibers, (j-l): films. 606 

 607 
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 616 

Fig. 3. Cumulative percentage of MPs classified by (a) shape, (b) color, and (c) size (μm) within sediment samples 617 

of Anzali Wetland. 618 
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 620 

Fig. 4. PCA biplot for (a) MPs characteristics and (b) physico-chemical parameters of the sediment samples. 621 
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 624 

Fig. 5. SEM-EDS analyses of examined MPs in the sediments samples of Anzali Wetland (a) uneven surfaces with 625 

some attached particles on a weathered white polypropylene fragment, (b) a weathered and a non-weathered 626 

transparent low-density polyethylene film, (c) fracturing in a weathered white polypropylene film, (d) a weathered 627 

red polypropylene fiber, (e) a smooth transparent nylon fiber, and (f) two smooth black fibers with unknown 628 

polymeric composition. 629 
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Supporting Information S1. Further information on the study site 632 

The Anzali Wetland supplies essential ecosystem services for residents and tourists, such as 633 

reducing contamination load of wastewater, stormwater management (flood control), 634 

biodiversity maintenance, water filtration, aesthetic values, and recreational values, as well as 635 

creating invaluable habitat for flora and fauna (Rasta et al., 2020). The highest elevation of the 636 

wetland basin is about 3105 m above sea level in the South, and the lowest is about 25 m under 637 

sea level in the north (Amini et al., 2021). The Anzali Wetland is the drainage basin of several 638 

seasonal and permanent rivers such as Chafroud, Morghak, Khalkai, Palangar, Masulehroud, 639 

Pasiphae, Pirbazar and Khomam streaming from Alborz and Talesh mountains (Fig. 1). The 640 

average water discharge into the wetland is about 76 m3/s, and the total sediment load is about 641 

683 K tones/year (Berenjkar et al., 2019). The wetland is surrounded by agricultural lands and 642 

protected scattered woodlands in the south (Naderi and Saatsaz, 2020). In addition to the 643 

Bandar-e Anzali city, which is situated close to the wetland, residential areas were scattered 644 

generally from the East where the capital city of the province, Rasht, is located, to the center of 645 

the catchment in adjacency to agricultural lands (Aghsaei et al., 2020) (Fig. 1). The wetland 646 

receives municipal wastewater effluents mainly through rivers and channels. The wetland 647 

discharges received contamination into the Caspian Sea via five canals in the northern parts 648 

(Hassanzadeh et al., 2021; Naderi and Saatsaz, 2020). 649 

 650 

Supporting Information S2. Sample preparation  651 

Sediments were sampled using a stainless Van Veen grab sampler and stainless-steel shovel 652 

from the top 15 cm of the sediment bed. Three sub-samples (totally 3 kg) were collected at each 653 

station in an area of approximately 1 m2. The collected sub-samples were mixed and 654 

homogenized thoroughly to form a composite sample on pre-cleaned aluminum foil and 655 

transferred into aluminum foil bags. Samples were brought to the laboratory the same day for 656 

further processing. All bags were stored at -4 °C in the laboratory until further analysis. Each 657 

composite sample was divided into two subsamples. One part was dried at room temperature 658 



 

 

and sieved using a 2-mm metal sieve for physico-chemical parameters analysis. The other parts 659 

were transferred to glass beakers (pre-rinsed with distilled water) using a stainless steel spoon 660 

and dried at 50 °C for at least 48 h (Mehdinia et al., 2020). All dry samples were sieved using 661 

a 5 mm stainless steel mesh to separate larger particles. Sieved samples were transferred to 1 L 662 

beaker (pre-rinsed with distilled water) and were covered with aluminum foil. 663 

 664 

Supporting Information S3. Extraction of MPs  665 

The analytical method applied to extract MPs from the sediment samples was based on 666 

digesting organic matter followed by density separation of MPs as described elsewhere 667 

(Mehdinia et al., 2020; Nematollahi et al., 2020). In summary, each dry sediment sample (200 668 

g) was transferred to a 1 L glass beaker (pre-rinsed with distilled water). In order to eliminate 669 

the interference of organic matters and improve the recognition of MPs, the sediment samples 670 

were mixed with 30% H2O2 for 7 days (Adomat and Grischek, 2020). Some filtered distilled 671 

water was added to the beaker to push adhered MPs on the wall of the glass beaker to the liquid. 672 

The beakers containing sediment samples in H2O2, covered with watch glasses, were placed 673 

onto the preheated sand bath at 50 °C until drying occurred (~2 days). The MPs were separated 674 

from the digested samples using buoyancy in 1.6 g cm-3 saturated ZnCl2 salt solution (Loder 675 

and Gunner, 2015). The mixtures were covered with aluminum foil and they were left for 2 676 

days to settle. After that, the supernatant was separated, centrifuged (5 min at 5000 rpm) and 677 

vacuum filtered through S&S filter paper (grade 589/3 blue ribbon, 2 µm pore size). The 678 

addition of ZnCl2, centrifugation and filtration steps were carried out three times in total per 679 

digestate from 200g of sediment sample. The filters were left to dry inside closed cabinets and 680 

then transferred to Petri dishes (pre-cleaned with distilled water) for further steps. Sample 681 

blanks were carried out throughout the sample treatment and analysis of MPs. 682 

 683 

Supporting Information S4. Physico-chemical parameters of the soil sediment samples  684 



 

 

Half of the collected samples (n=22) were randomly selected for their characterization. This 685 

was because the sampling stations were in close proximity. Their particle size distribution was 686 

measured using the hydrometer method (Gee and Bauder, 1986). Their pH was determined in 687 

a homogeneous suspension of 10 g of sediment in 50 ml of distilled water, after 5 min shaking 688 

and 1 h pause. The pH of the unfiltered suspensions was specified using a combined glass 689 

electrode (Eutech instrument, Waterproof CyberScan PCD 650, Singapore) (Singh et al., 2005). 690 

A conductivity cell (CyberScan PCD 650) was used to measure electrical conductivity (EC) of 691 

the filtered suspension. The organic matters (OM) content in the sediment samples was assessed 692 

using loss on ignition method (Heiri et al., 2001). Cation exchange capacity (CEC) was 693 

estimated with the ammonium acetate solution method (Kahr and Madsen, 1995). 694 

 695 

Supporting Information S5. Prevention of contamination 696 

In sampling and analysis, we have tried to reduce MP contamination. Sampling equipment, 697 

containers and laboratory benches were thoroughly washed with filtered distilled water and 698 

immediately wrapped and covered with aluminum foil. Separation, counting and identification 699 

of MPs were conducted in a laboratory with closed doors and windows to mitigate MPs 700 

deposition from air. The experimental work included procedures that avoided contact with 701 

plastic materials. Cotton laboratory coats, and nitrile gloves were used during the sampling and 702 

laboratory processes (Adomat and Grischek, 2020). Beakers containing sieved samples were 703 

covered using aluminum foil (Irfan et al., 2020). The ZnCl2 solution was filtered using S&S 704 

blue band filters (grade 589/3, 2 μm pore size) to ensure it was free from MPs. Filters were 705 

dried in closed cabinets wiped with tissue paper. Five uncovered and pre-cleaned glass Petri 706 

dishes were placed on the benches and exposed to the air during sample preparation and 707 

microscopy counting to assess airborne MPs contamination in the laboratory (Brander et al., 708 

2020; Irfan et al., 2020; Wen et al., 2018). The laboratory blank tests indicated the possibility 709 



 

 

of MP particles contamination from the air was minor (totally 1 fiber was found) and could be 710 

neglected.  711 

 712 

Supporting Information S6. Statistical analyses 713 

Data analysis was done using Microsoft Excel 2016 and SPSS 26.0 software (IBMCo. Ltd., 714 

USA). The geographical distribution of sampling stations was shown using Arc Map 715 

(ver.10.6.1). Microplastic particles size was confirmed using microscopy and ImageJ software. 716 

Normality distribution of MPs abundance was checked using Kolmogorov–Smirnov test. 717 

Kruskal-Wallis (K-W) test was applied to examine significant differences (p <0.05) between 718 

the abundance of MPs in different sampling regions. Principal component analysis (PCA) was 719 

performed using the XLSTAT 2016. The variables were normalized using the Kaiser method. 720 

Sample adequacy for PCA was checked using the Kaiser–Meyer–Olkin (KMO) method. 721 

Principal component analysis (PCA) using the eigenvalue decomposition (varimax rotation) 722 

method was applied to recognize relationships between MP properties, sediment physico-723 

chemical parameters, and sampling sites.  724 



 

 

Table S1 Comparison of abundance (MPs/kg), shape, sizes, color, and major types of MPs in this study with the some wetland sediments around the world. 725 
Reference MPs Sources Extraction/Identification Method Composition Color Size Shape Abundance Location 

This study 
A highly urbanized 

river 

a) 30% H2O2 solution 

b) Density separation (using ZnCl2 

solution) 

c) Optical microscope 

d) Hot needle 

e) SEM-EDS 

f) Raman 

PP (35%) 

PE (35%) 

NYL (13%) 

PC 

PET 

PVC 

White/Transpare

nt (42.43%) 

Yellow/Brown/O

range (12.81%) 

Red/Pink/Purple 

(10.02%) 

Black/grey 

(28.20%) 

100≤L<250 μm 

(9.19%) 

250≤L<500 μm 

(18.41%) 

500≤L<1000 μm 

(31.43%) 

1000 μm ≤L 

(40.97%) 

Fiber 

(80.11%) 

Film 

(11.97%) 

Fragment 

(7.92%) 

 

6-276 (72 ± 

65.52a) 

(MPs/  200g 

dw) 
Anzali 

Wetland 

30-1380 

(362.± 

327.6a) 

(Rasta et al., 

2020) 

Untreated rivers, 

tourism activity, 

fishing and plastic 

bullet cases dropped 

from the guns of bird 

hunters  

a) Density separation (using NaCl 

solution) 

b) Stereomicroscope 

c) Calibrated scaled eyepiece lens 

d) SEM-EDS 

e) ATR-FTIR  

PP (30.90 -

36.36) 

PEsT  

(21.21 – 

25.45%) 

PAN 

PS 

PE 

Red (31.58%) 

Black (30.29%) 

Blue (23.34%) 

1–2 mm (36.7% in 

June and 34.8% in 

January) 

Fiber  

(91.8%  in 

June, 

86.4% in 

January) 

 

140–2820  

(783.6 ± 

877.8a) 

(June) 

113–3690  

(519.6 ± 

1024.2a) 

(January) 

Anzali 

Wetland 

(Naji et al., 

2019) 

Insufficiently treated 

and/or untreated 

effluent discharge 

from the surrounding 

cities 

a) Air-induced overflow 

b) NaCl and ZnCl2 solution 

c) Stereomicroscope 

d) Hot needle 

e) SEM-EDS 

f) FTIR 

PE 

Nylon 

Black (41%) 

Blue (18.4%) 

White (17.6%) 

Green (8.2%) 

Red (7%) 

10-300 μm (70–

97%) 

Fiber 

(>56%) 

Fragment 

(35%)  

(19.5 ± 6.36a 

to 

 34.5 ± 

0.71a)  

Persian 

Gulf 

Iran 

(Townsend et 

al., 2019) 

Industrial activity, 

and plastic litter 

degradation 

 

a) Density separation (using ZnCl2 

and NaCl solution) 

b) Microscope 

ND ND <1000 μm 

Fragment 

(>68%)  

Fiber  

Bead 

2-147  

(46b) 

Greater 

Melbourne 

Australia 

(Duan et al., 

2020) 

Human activities in 

the protection area 

a) KOH and Pentanol solution 

at 135 ◦C 

b) Optical microscope 

PET 

PC 
ND ND ND 136-2060  

Yellow 

River 

Delta 

China 

(Helcoski et al., 

2020) 

Highly urbanized 

river 

a) 30% H2O2 solution and 0.05 M 

Fe(II) as FeSO4 

b) DI water 

c) Microscope 

d) FTIR 

PS (29%) 

PE (8%) 

Rubber (8%) 

ND 75–5000 μm 
Fragment 

Fiber 

334-3068 

(1270 ± 

150a) 

Kenil 

worth Park 

Washingto

n, DC 

(Ziajahromi et 

al., 2020) 

Transportation of 

synthetic rubber 

particles released 

from car tyres into 

wetland by road 

runoff and stormwater 

a) 30% H2O2 solution 

b) Density separation (using NaI 

solution) 

c) Staining with Rose-Bengal 

solution 

d) μ-ATR-FTIR 

PP 

Nylon 

Acrylic 

Rubber  

ND >500 μm 

Fiber 

(>60%) 

Fragment 

Granular 

(595 ± 12a) 

(inlet)  

(320 ± 42a) 

(outlet) 

Queenslan

d's Gold 

Australia 

(Li et al., 2020) 
Highly urbanized 

river 

a) H2O2 solution 

b) Density separation (using ZnCl2 

solution) 

c) μ-FTIR 

d) Stereomicroscope with electronic 

eyepiece 

e) SEM-EDS  

PP (67.47%) 

PE (13.05%) 

PS (10.45%) 

White/Transpare

nt (80.60%) 

Black (10.52%)  

Blue (4.58%) 

Red (2.27%)  

Green (2.03%) 

500–5000 μm 

(61.1%) 

100-500 μm 

(19.8%) 

50-100 μm (9.0%)  

< 50 μm (10.1%) 

Fiber 

Granule 

Film 

Foam 

(227 ± 173a 

to  

2249 ± 747a) 

Mangroves 

of 

Southern 

China 

(Edo et al., 

2020) 

Recharge of wetland 

with wastewater 

effluents to maintain 

water levels 

a) 33% H2O2 solution 

b) Density separation (using NaCl 

solution) 

c) Stereomicroscope with Image 

Focus 4 camera 

d) ImageJ software 

e) μ-FTIR 

PE and PP 

(90%) 
ND 25–5000 μm 

Fiber (50-

65%) 

Fragment 

(53%) 

(24.4 ± 5.2a) 

(particles/g 

dw) 

 

Castilla-La 

Mancha 

Spain 
(24400 ± 

5200a) 

(Zhou et al., 

2020) 

Local agriculture and 

tourism/recreational 

activities 

a) Density separation (using NaCl 

and NaI solution) 

b) Naked eye 

c) Stereomicroscope 

d) ATR-FTIR 

e) μ-FTIR 

f) SEM-EDS 

PS (75.2%) 

PP (11.7%) 

Rayon 

(4.6%) 

PES (3.4%) 

PE (2.8%) 

Acrylic 

(2.4%) 

White 

Transparent 

Green 

Blue 

Black 

<2000 μm (58.6%) 

Foam 

(74.6%) 

Fiber 

(14.0%) 

Fragment 

8.3–5738.3 

Guangxi 

and 

Hainan 

China 

(Ibrahim et al., 

2021) 

Fisheries and 

aquaculture activities 

a) Density separation (using NaCl 

solution) 

b) Microscope 

c) Hot needle test 

d) Dyno-eye camera 

e) SEM 

f) ATR-DTGS-FTIR 

g) Pyr–GC/MS 

PP 

Transparent 

Brown 

Red 

Blue 

Green 

Black 

ND 

Filament 

(98.49%) 

Fragment 

Film 

(0.750 ± 

3.838a 

to 

14.25 ± 

4.343a) 

(MPs/g dw) 

Setiu 

Wetland 

South 

China Sea (750±3838a 

to 

14250±4343
a) 

(Sarkar et al., 

2021) 

Transport of 

microplastics through 

wastewater canals 

a) 30% H2O2 solution 

b) Density separation (using ZnCl2 

solution) 

c) Microscope 

d) ATR-FTIR 

PE (37-50%) 

PET (31-

45%) 

Transparent 

Multicolor 
63– 5000 μm 

Film (80-

95%) 

Fiber (5-

20%) 

2125-

6886.76 

East 

Kolkata  

Eastern 

India 

(Duan et al., 

2021) 

A highly urbanized 

river 

a) 30% H2O2 solution 

b) Density separation (using ZnCl2 

solution) 

c) Stereomicroscope  

d) SEM-EDS 

f) FTIR 

PET (43.83–

57.22%)  

PP (25.06–

32.86%) PS 

PA 

Black 

White 

Red 

Transparent 

ND 

Fiber 

Granule 

Fragment 

Foam 

2835 ± 713a 

Futian 

South 

China 

(Wang et al., 

2021) 

Agricultural waste, 

domestic sewage, 

sand mining boats, 

cage culture, and 

fishery activities 

a) 30% H2O2 solution 

b) Density separation (using ZnCl2 

solution) 

c) Stereomicroscope  

d) FTIR 

Rayon 

(14.55%)  

PEST 

(9.09%) 

PE (8.18%) 

White-Blue <500 μm Fiber 

4-148  

(MPs/500g 

dw) 

8-296 

Xijin 

Wetland 

Park 

South 

China 
ND : Non-detected. 726 
a Mean±SD. 727 
b Mean. 728 
 729 



 

 

Table S2 PCA biplot eigenvector values of MPs characteristics. 730 

Variables  F1 F2 

Fiber 0.333 -0.198 

Fragment 0.116 0.651 

Film 0.246 -0.021 

White/Transparent 0.326 -0.120 

Yellow/Brown/Orange 0.303 0.225 

Red/Pink/Purple 0.300 -0.326 

Blue/Green 0.290 -0.080 

Black/Grey 0.291 -0.019 

100≤L<250 μm 0.296 0.256 

250≤L<500 μm 0.300 0.335 

500≤L<1000 μm 0.316 0.106 

1000≤L μm 0.285 -0.411 

 731 
 732 
 733 



 

 

Table S3 Spearman correlation matrix of MPs characteristics. 734 

Variables Fiber Fragment Film 

White/ 

Transparent 

Yellow/ 

Brown 

Red/ 

Pink 

Blue/ 

Green 

Black/ 

Grey 

100≤L<250  

μm 

250≤L<500 

 μm 

500≤L<1000  

μm 

1000≤L  

μm 

Fiber 1            

Fragment 0.133 1           

Film 0.559 0.200 1          

White/Transparent 0.934 0.243 0.662 1         

Yellow/Brown 0.782 0.361 0.565 0.769 1        

Red/Pink 0.913 0.075 0.580 0.824 0.605 1       

Blue/Green 0.868 0.254 0.348 0.759 0.736 0.777 1      

Black/Grey 0.775 0.280 0.745 0.746 0.597 0.701 0.512 1     

100≤L<250 μm 0.767 0.482 0.466 0.708 0.807 0.664 0.764 0.649 1    

250≤L<500 μm 0.743 0.474 0.573 0.730 0.889 0.578 0.667 0.710 0.837 1   

500≤L<1000 μm 0.831 0.254 0.708 0.858 0.876 0.653 0.632 0.800 0.734 0.883 1  

1000≤L μm 0.898 0.061 0.564 0.859 0.530 0.922 0.771 0.697 0.531 0.445 0.594 1 

Values in bold are different from 0 with a significance level alpha=0.05       
 735 
 736 



 

 

Table S4 PCA biplot eigenvector values of soil sediment physico-chemical parameters. 737 

  F1 F2 

Sand 0.526 -0.053 

Silt 0.219 0.348 

Clay -0.329 -0.127 

pH 0.045 0.634 

EC 0.496 -0.049 

OM -0.097 0.638 

CaCO3 -0.004 0.122 

CEC -0.127 0.184 

MPs 0.542 -0.015 

 738 
 739 
 740 
 741 
 742 
 743 
 744 
 745 
 746 
 747 
 748 
 749 
 750 
 751 
 752 
 753 
 754 
 755 
 756 
 757 
 758 
 759 
 760 
 761 
 762 
 763 
 764 
 765 
 766 
 767 
 768 
 769 
 770 
 771 
 772 
 773 
 774 
 775 
 776 
 777 
 778 
 779 
 780 
 781 
 782 
 783 



 

 

Table S5 Spearman correlation matrix of soil sediment physico-chemical parameters. 784 

Variables Sand Silt Clay pH EC OM CaCO3 CEC MPs 

Sand 1         

Silt 0.174 1        

Clay -0.354 -0.288 1       

pH 0.060 0.368 -0.057 1      

EC 0.747 0.259 -0.331 0.065 1     

OM -0.187 0.256 -0.062 0.906 -0.196 1    

CaCO3 -0.046 0.185 -0.061 0.034 -0.105 0.085 1   

CEC -0.162 -0.133 -0.038 0.164 -0.226 0.219 -0.068 1  

MPs 0.944 0.236 -0.498 0.068 0.752 -0.170 0.008 -0.061 1 

 785 
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 800 
 801 
 802 
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 831 

Fig. S1. Abundance of MPs (a) in different sampling groups and (b) sites. 832 
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 846 
 847 
Fig. S2. Distribution of color classes of MPs in a) all detected MPs, b) Fibers, c) Fragments, and d) Films. 848 
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 889 

Fig. S3. Distribution of size classes (in µm) of MPs in a) all detected MPs, b) Fibers, c) Fragments, and d) Films. 890 
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 918 

Fig. S4. Raman spectra of representative MPs identified in the study area, a) polypropylene (PP) red fiber with a 919 

mean match degree of 70%, b) nylon (NYL) transparent fiber with a mean match degree of 80%, c) low density 920 

polyethylene (LDPE) green fiber with a mean match degree of 78%, d) polyvinyl chloride (PVC) black fragment 921 

with a mean match degree of 80%, e) low density polyethylene (LDPE) black fragment with a mean match degree 922 

of 85%, f) polypropylene (PP) white fragment with a mean match degree of 90%, g) high density polyethylene 923 

(HDPE) black film with a mean match degree of 85%, h) polypropylene (PP) transparent film with a mean match 924 

degree of 92%, i) low density polyethylene (LDPE) transparent film with a mean match degree of 82%. 925 
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