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Abstract 1 

Comprehensive approaches are needed to understand accumulation patterns and the relative 2 

importance of pathways of entry for microplastics in the marine environment.  Here, a highly 3 

urbanized estuarine environment was sampled along a salinity gradient from the mouth of the 4 

Raritan River, (New Jersey, USA) and into the Raritan Bay and the coastal ocean which are 5 

further influenced by discharge from the larger Hudson River. Polymers were characterized in 6 

two size classes by FTIR and/or Raman spectroscopy. The highest concentration of 500-2000 μm 7 

microplastic particles were observed in the mouth of the Raritan during summer low flow 8 

conditions, whereas the 250-500 μm microplastic particles were more prevalent in the bay and 9 

coastal ocean samples.  These results were interpreted using fragmentation and mixing models to 10 

provide insight into the sources and fate of microplastics in this estuarine/coastal region.  To 11 

investigate the potential pathways of entry into the system, samples were collected from various 12 

hydraulically connected storm water outfalls and the influent and effluent of wastewater 13 

treatment plants and polymer concentrations and types were compared to the estuarine samples. 14 

The concentrations of microplastics (500-2000 μm) ranged from 400-600 microplastics/m3 in 15 

storm water compared to <1-2.75 microplastics/m3 across the estuary. Of interest for analysis is 16 

the observed linear correlation between the total concentration of particles in a sample following 17 

oxidation and density separation and its microplastic concentration.  Overall, the results 18 

presented reveal potentially important sources of microplastics in the estuarine environment and 19 

have implications for understanding the behavior, transport, and fate of microplastics under 20 

varying flow conditions and from estuaries with variable flushing times. 21 

Keywords:  microplastic; estuary; river plume; FTIR; wastewater; storm water 22 

23 
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1.  Introduction 24 

Plastics from micro (<5mm) to macro sizes are frequently observed marine debris (Galgani et al., 25 

1996; Cózar et al., 2014), and rivers are considered a major source.(Andrady, 2011; Morritt et 26 

al., 2014; Rech et al., 2014; Wagner et al., 2014; Cheung et al., 2016)  Pathways for entry into 27 

riverine environments have received varying attention with a major emphasis on effluent from 28 

municipal wastewater treatment plants (Talvitie et al., 2015; Estahbanati and Fahrenfeld, 2016; 29 

Mason et al., 2016) and lesser focus on storm water that can carry debris from land application of 30 

sewage sludge, tires, construction activities, artificial turf, littering, etc. (Magnusson et al., 2016). 31 

Marine microplastics also come from atmospheric deposition (particularly for fibers)(Pirc et al., 32 

2016), boating and fishing activities (Magnusson et al., 2016), and import from other land-based 33 

sources as evidenced by plastic accumulation in remote environments (Convey et al., 2002).  34 

Documenting the composition of estuarine plastic debris compared to different sources/pathways 35 

(Fahrenfeld et al., 2019) and understanding spatial controls on microplastics in estuaries may 36 

inform management practices focused on mitigation strategies that target sources and/or 37 

locations where plastics accumulate. 38 

Of particular interest is the spatial variability and behavior of microplastic particle sizes given 39 

that the majority of microplastics in the marine environment are “secondary microplastics” that 40 

result from fragmentation of larger plastic debris by mechanical abrasion, UV photodegradation, 41 

or biodegradation (Alimi et al., 2018). Mass balance estimates indicate plastics released to the 42 

ocean in recent decades are 100 times larger than the floating inventory suggestive of a 43 

significant loss term (Cózar et al., 2014). The size class of microplastics observed in ocean gyres 44 

indicate that microplastic particle concentrations are lower than expected at the 1-2 mm scale 45 

(Cózar et al., 2014), a size class analyzed in this study. Among the leading candidate processes 46 
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for the loss term that would be most active at this size class are ballasting (i.e., sinking) due to 47 

biofouling and ingestion by small marine organisms such as zooplankton (Cózar et al., 2014).  48 

These processes driving the loss term in the ocean gyres are more active in the biologically 49 

productive coastal ocean. Moreover, we expect the greatest likelihood of primary uptake and of 50 

biofouling to occur where elevated microplastic and plankton concentrations, and their encounter 51 

rates, are elevated: frontal environments which are a common feature of river plumes (Garvine 52 

and Monk, 1974). River plumes are associated with elevated biomass, partly due to the 53 

concentration of material by converging flows (Garvine and Monk, 1974; O'Donnell et al., 54 

1998), and the influx of nutrient-rich waters that support biomass growth (Franks, 1992).  Marine 55 

debris has been associated with such convergence zones (Howell et al., 2012) outside of coastal 56 

regions and ingested microplastics in zooplankton were correlated with microplastic 57 

concentrations in marine waters (which in Northeast Pacific Ocean were highest nearest to land) 58 

(Desforges et al., 2015).  River plumes areas are also important areas of activity for marine 59 

vertebrates (Scales et al., 2014). In addition, buoyant plumes originate from highly turbulent and 60 

productive estuaries where production of secondary microplastics may be significant due to 61 

mechanical breakup in shallow estuaries.  Where biofouling is intense and microplastics will 62 

interact with bottom sediments during quarter-diurnal tidal mixing events and may be 63 

periodically stranded on shorelines by the rise and fall of the tide.  64 

The objectives of this study were to (1) quantify microplastic concentrations in surface water to 65 

relate patterns of microplastic concentration and size-class distribution to hydrographic features 66 

in river plume dominated regions, (2) relate these patterns and distributions to the multiple 67 

watersheds influencing this region, and (3) investigate potential sources of microplastics by 68 

quantifying microplastic concentration and clustering polymer types in wastewater influent, 69 
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effluent, and storm water. Notably, untreated wastewater influent can be released at the mouth of 70 

the Raritan and throughout the estuary from dozens of combined sewer outfalls during rain 71 

events.  Results presented provide insight into sources and fate of microplastics in this estuarine 72 

system and can be used to inform mitigation strategies (if and where needed).   73 

2.  Materials & Methods 74 

Paired microplastic and hydrographic sampling were performed that extended from the fresh-75 

water end member of the Raritan River to the coastal ocean. This section is also influenced by 76 

discharge from the Passaic, Hackensack and Hudson Rivers (Chant et al., 2008b).   Sampling 77 

occurred during a relatively dry period in July 2018 and following a heavy precipitation event in 78 

in April 2019. Potential pathways of entry (from here out called “sources” for simplicity) were 79 

sampled during the study period including wastewater influent, effluent, and storm water from 80 

hydraulically connected locations (where possible) for comparison.   81 

2.1  Study Site 82 

Hudson-Raritan Estuary has many potential sources of plastics from a number of highly 83 

urbanized watershed.  The Hudson-Raritan Estuary is bound by Staten Island, New York to the 84 

North and New Jersey to the South (Figure 1). The Arthur Kill connects Raritan Bay to Newark 85 

bay to the North which is then connected to New York Harbor via the Kill van Kull.  The mean 86 

flow in these Kills is counterclockwise with a mean transport of 300 m3/s that is significantly 87 

modulated by wind forcing (Chant, 2002).  The bay is influenced by multiple rivers all with 88 

dense human populations.  The Raritan River, with a mean discharge of 35 m3/s and 1.2 million 89 

people in its watershed, enters the bay from the west. The Passaic and Hackensack rivers, with 90 

mean discharges of 33 m3/s and 2 m3/s and populations of 2.5 million and ~1 million, 91 
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respectively, flow into Newark Bay. A portion of this discharge flows south in the Arthur Kill 92 

into Raritan Bay, while the remainder flows into New York Harbor through the Kill van Kull 93 

where it mixes with waters from the Hudson River. The Hudson River, with a mean discharge of 94 

800 m3/s and watershed population of 8 million, enters Raritan Bay from the east and recirculates 95 

in the bay prior to debouching to the coastal ocean (Choi and Wilkin, 2007). The Hudson’s 96 

discharge penetrates most deeply into the bay during easterly winds (Choi and Wilkin, 2007; 97 

Hunter et al., 2010). Moreover, discharge from New York Harbor also incorporates waters from 98 

western Long Island Sound through the East River which also contains large population centers. 99 

In addition, several other smaller rivers in highly urbanized regions also contribute to the fresh 100 

water and plastics budget of Raritan Bay.     101 

 102 
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Figure 1 –Surface water sampling sites (a) July 26, 2018 (low flow) (b) April 11, 2019 103 

(moderate flow) (c) April 16, 2019 (high flow). The colors represent surface salinity from low 104 

(blue) to high (dark red). (d) Surface salinity (e) and study region and station locations from 105 

April 11, 2019 overlaid on sea surface temperature obtained from MODIS on April 11th, 2019.  106 

 107 

2.2  Sampling Methods & Environmental Conditions 108 

Surface water sampling was performed along a salinity gradient from the Raritan River and 109 

through Raritan Bay to the coastal ocean (Fig. 1). Sampling sites were selected to span a 110 

maximum range of salinity space given time and weather constraints of each day.  Samples were 111 

collected aboard the R/V Rutgers vessels boat 20.3cm diameter plankton nets (mesh size 80 or 112 

150 µm, Science First, Yulee, FL) in duplicate at each of three to six sampling locations on July 113 

26, 2018 (low flow), April 11, 2019 (moderate flow), and April 16, 2019 (high flow).  Raritan 114 

River discharge was highest during the April 16, 2019 survey and peaked at a daily mean flow of 115 

157 m3/s one day prior. While river discharges were low on both April 11, 2019 and July 28, 116 

2018 with daily mean flows of 21 m3/s and 25 m3/s respectively, the July 2018 survey followed 117 

an extremely dry period where discharge the previous 30 days averaged 10.9 m3/s compared to 118 

53.3 m3/s in the 30 days prior to the April 11, 2019 survey. Hudson river discharge was low 119 

(~300 m3/s) during the 2018 survey and high (1000 m3/s -2000 m3/s) during the 2019 surveys.  120 

The elevated river flow in 2019, particularly that from the Hudson resulted in lower salinities in 121 

the Bay in 2019, which were 3-4 psu lower relative to 2018 (Figure 1d). However, the along bay 122 

salinity gradients on both days were similar and varying approximately 1 psu every 2.5 km.  123 

The nets were fixed to the back of the vessel to collect surface particles by towing for 20 minutes 124 

at a vessel speed of 2 knots. The volume passed through the net was either calculated using the 125 

speed of the boat, the time towed, and the net dimensions or via measurements from flow meters 126 
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placed at the center of the net opening (General Oceanics, Miami, FL). One blank (net left open 127 

to air for the length of one tow) and one matrix spike (replicate net towed then spiked with 128 

polyethylene beads extracted from a personal care product), were collected at one site on each 129 

April 11, 2019 and April 16, 2019.  130 

 Five wastewater treatment plants (WWTPs) were sampled in New Jersey, two of which were 131 

hydraulically connected to the study area.  Either composite or grab samples were collected from 132 

wastewater treatment plants based upon availability (Table A1). Notably, plankton nets were not 133 

used for these or the storm water samples to avoid clogging of the mesh. 134 

Storm water samples were collected from three sites during heavy rain on October 16, 2019 (Fig. 135 

A1). Sample sites included two pipes carrying runoff from urban areas in Bayonne and New 136 

Brunswick, NJ and one site carrying storm water from a recreational area in Piscataway NJ 137 

(labelled City B, City N, and Field P, respectively). City B samples were collected as pump out 138 

of a storm drain and come from a combined sewer system. Field P and City N samples were 139 

taken from the pipe outfall and are part of the storm water pipes in a region with separate 140 

sanitary systems. Five liters of storm water were collected over the duration of a rainstorm with 141 

one liter taken every 10-45 min at a time per site (Fig. A2). Rainfall and stream gage data were 142 

collected from the nearest stations for each sampling area. Rainfall data were obtained from 143 

Rutgers New Jersey Weather Network (Rios et al., 2010), and stream gage data were obtained 144 

from United States Geological Survey (USGS).  145 

2.3  Microplastic Extraction Methods 146 

After sample collection, nets were rinsed with DI water and separated via wet-sieving into size 147 

classes using a series of standard soil sieves (2000, 500, 250 μm size). Material retained on the 148 
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2000 μm sieve size was discarded. The material collected in each remaining sieve was rinsed 149 

with DI water and transferred to individual glass beakers. The organic matter was oxidized by 150 

hydrogen peroxide and a catalyzed iron (II) solution (Masura et al., 2015). Briefly, 20 mL of 151 

0.05 M iron (II) solution was added to each beaker, followed by 20 mL of 30% hydrogen 152 

peroxide. The solutions were heated to 75℃ on a hot plate and then stirred using a magnetic stir 153 

bar for 30 minutes before sodium chloride (NaCl, 6 grams per 20 mL), was added to increase the 154 

mixture density. The oxidized and NaCl treated samples were transferred to glass funnels with 155 

the ends capped by clamped surgical tubing for density separation.  The funnels were covered 156 

with foil to prevent contamination and left overnight for settling. Settled materials were 157 

discarded and the floating particles were collected, rinsed with DI water, and transferred to glass 158 

petri dishes covered with a glass lid.  159 

2.4  Chemical Analysis & Spectral Interpretation 160 

The recovered particles in the 500-2000 µm size range were analyzed using Attenuated Total 161 

Reflectance (ATR) Fourier Transform Infrared (FTIR) spectroscopy on one of two instruments. 162 

The first instrument was a Bruker Alpha spectrometer (Bruker Optics, Billerica, MA) with a 163 

single bounce diamond or germanium internal reflection element (IRE) ATR accessory and a 164 

DTGS (Deuterated Triglycine Sulfate) detector. The other FTIR was a PerkinElmer Spectrum 165 

100 spectrometer (PerkinElmer Life and Analytical Sciences, Shelton, CT) equipped with a 3-166 

reflection diamond ATR accessory and a DTGS detector. Particles were transferred to the 167 

surface of the IRE using tweezers. A spectrum was collected for each particle in the wavenumber 168 

region of 4000- 600 cm-1 averaging 32 scans at 4 cm-1. For samples containing less than 80 169 

particles, all particles were analyzed. For samples containing greater than 80 particles, up to 119 170 

particles were analyzed starting with visually identified microplastic. Microscope images were 171 
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collected for select samples using a reflected light microscope (Stereo Zoom Microscope, 172 

Olympus, Japan) and images were captured via cell phone camera. 173 

FTIR spectra of common polymers such as polyethylene (PE) and polypropylene (PE) were 174 

analyzed via comparison with known spectra and  confirmed using SiMPle (Systematic 175 

Identification of Microplastics in the Environment) (Primpke et al., 2018). SiMPle is a program 176 

that matches sample spectra with a reference database providing a probability (match quality) 177 

score.   For this study, polymers with probability scores over 50% are counted as plastics and 178 

labelled by their polymer identification and those with score 40-50% were manually interpreted 179 

to determine if the particle was likely to be microplastic.  180 

Total recovered particles (following oxidation and density separation) in the 250-500 μm size 181 

range were enumerated under a stereomicroscope prior to spectral analysis.  For samples 182 

containing less than 50 particles, all were analyzed, providing quantitative results on microplastic 183 

concentration and qualitative description of polymer types.  For samples containing greater than 184 

50 particles, a subset of the total particles was analyzed up to 133 particles, starting with visually 185 

identified microplastic, providing qualitative description of polymers observed and a lower 186 

bound for microplastic concentration. 187 

 Particles were analyzed using a combination of FTIR and Raman microscopy.  FTIR spectra 188 

were collected on a Bruker LUMOS FTIR microscope, equipped with an 8x microscope 189 

objective and liquid nitrogen-cooled mercury cadmium telluride (MCT) detector.  Spectra were 190 

collected in the wavenumber region of 4000-700 cm-1 with 64 background scans and 64 sample 191 

scans at a resolution of 4 cm-1.  Thin, film-like samples were primarily measured in transmission 192 

mode on a calcium fluoride (CaF2) substrate, while samples that were not IR transmissive were 193 



27 

 

 

 

measured in reflectance mode on a MirrIR slide (Kevley Technologies, Chesterland, Ohio).  194 

Raman spectra were collected on a Horiba XploRA PLUS Raman microscope, equipped with 195 

532, 638 and 785nm excitation wavelengths and 10x [numerical aperture (N.A.) = 0.25], 50x 196 

LWD (N.A. = 0.50) and 100x (N.A. = 0.90) microscope objectives.  Measurement parameters 197 

were adjusted for each sample in order to optimize the signal-to-noise ratio and mitigate any 198 

unwanted effects, such as fluorescence interference. Spectra were interpreted manually based on 199 

chemical functional group correlations and also evaluated using BioRad’s KnowItAll software, 200 

as well as siMPle.  When a specific match could not be produced, samples were broadly 201 

categorized based on the functional groups present in the microplastics. 202 

2.5  Data Analysis 203 

Statistical analysis was performed using R (www.rproject.org). A Shapiro-Wilk test was used to 204 

test for normality of total particle and microplastic concentration data. Given that data were not 205 

normal, a Kruskal-Wallis test was applied to compare the microplastic concentrations observed 206 

at different surface water sampling sites and dates (separately for the 250-500 μm and 500-2000 207 

μm data), followed by a posthoc pairwise.t.test with a Bonferroni correction for multiple 208 

comparisons.  The same tests were used to determine differences in concentration by sample 209 

source (500-2000 μm data only). Total particles following oxidation and density separation and 210 

microplastics in the small and large size class were compared by a paired Wilcoxon rank test.  211 

Correlation between the total concentration and the microplastic concentration per cubic meter 212 

was plotted as a linear regression and significance tested with a Spearman rank-order correlation 213 

test. Percentages of polymer types were found by separating the polymer hits into categories by 214 

polymer class. The categories used were polyethylene, polypropylene, polystyrene, polyester, 215 

rubber, vinyl copolymers, and other plastics. The polymer types and concentrations for the 500-216 
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2000 µm particles were compared between samples by creating a Bray-Curtis dissimilarity 217 

matrix of square root normalized data followed by cluster analysis with a SIMPROF test.  218 

3.   Results 219 

3.1  Microplastic concentrations in estuarine waters 220 

Microplastics were observed in every sample type (surface water, storm water, wastewater). In 221 

surface water samples, microplastic concentrations for the 500-2000 μm particles were the 222 

highest in the river and lowest in the samples collected in the highest salinity water where 223 

Raritan Bay meets the coastal ocean (Fig. 2). Differences were observed between the different 224 

sites/dates (p=0.033, Kruskal-Wallis), primarily due to the high observation at the mouth of the 225 

Raritan River during the July sampling event which was significantly higher than concentrations 226 

observed at all sites on the other sampling dates (all p≤0.028, posthoc pairwise.t.test). However, 227 

there were no significant differences observed between samples taken on the same day (all 228 

p≥0.81, posthoc pairwise.t.test). The relative percent difference between replicate samples 229 

ranged from 0-200% with an average of 94.8+/-84.2%. It is worth noting that the samples with 230 

higher relative percent differences (RPDs) among replicates were those with low microplastic 231 

concentration (i.e., <5 particles/cubic meter). For samples with >5 microplastics/cubic meter, 232 

RPD was 34+/-28%. The average recovery of microplastics in matrix spikes was 68.8±5.3%. 233 

There were no microplastics observed in the field blank samples. 234 

 235 
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 236 

Figure 2 - Maps of the sampling area and bubble plots showing the average concentration of 237 

large (a,b,c) and small (d,e) microplastics per cubic meter on noted sampling dates. When 238 

microplastics were observed in both replicate samples, the overlaid circles on the bubble plots 239 

indicate the high and low values and X’s represent samples for which microplastics were not 240 

detected. For the large microplastics, all data shown were measured.  For the small microplastics 241 

black dots indicate both samples were analyzed, dark grey only 1 of the replicates was analyzed 242 

and light grey estimated using the correlation shown in Figure 3. 243 

Next, to understand if microplastic observations were correlated with total particles present in the 244 

sample following wet peroxide oxidation and density separation, a correlation was tested 245 

between the total concentration of particles and the microplastic concentration per cubic meter 246 

showing a significant positive correlation in surface water samples (linear regression: 247 

slope=0.56, R2=0.9798, p= 2.58×10-9, Spearman Rank, Fig. 3).     248 

 249 

(a)

(b)

(c)

(d)

(e)
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 250 

Figure 3 - Relationship between total concentration of particles per cubic meter and the 251 

microplastic concentration per cubic meter for surface water samples.  Total particles refer to 252 

particles remaining following sieving, wet peroxide oxidation, and density separation. the red 253 

line on the graph represents the linear regression and the shaded area around it represent a 95% 254 

confidence interval.  255 

Analysis was also performed on samples from the April sampling events for particles in the 250-256 

500 μm size range.  There were more total particles following oxidation and density separation in 257 

the smaller size class (1.88±2.00 total particles/m3) compared to the larger size class (0.19±0.46 258 

total particles/m3, p=1.91×10-6, paired Wilcoxon rank test).  This resulted in 21-421 total 259 

particles per sample (94.2±100 particles/sample) to analyze in the smaller size class, the higher 260 

range of which was not practical to completely analyze using the methods applied here.  All 261 

particles were analyzed for three sites for both replicates (N=6/14) with RPD between replicates 262 

of 32.9±24.1%.  All particles were analyzed for one replicate from two sites (N=2/14).  There 263 

were significantly more microplastics for the smaller size than the larger particles (p=1.91×10-6, 264 

paired Wilcoxon rank test).  Again, the correlation between total and microplastic particles were 265 

analyzed including the samples with 100% of particles analyzed from both size classes resulting 266 

in a strong significant correlation (R2=0.97, p < 2.2×10-16, Spearman rank). 267 
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For the remaining 250-500 μm samples, 20-133 particles were analyzed, representing 10.7% (for 268 

the 421-particle sample) to 52.6% (for a 57-particle sample) of total particles to provide a lower 269 

bound for microplastic concentration and a qualitative description of the polymers observed.  270 

Using the regression described immediately above, the concentration of 250-500 μm 271 

microplastic particles in the partially analyzed samples were estimated.  Combining the 272 

measured and estimated concentrations for the 250-500 μm size class, there were significantly 273 

more microplastic in the smaller than the large size class (p=9.53×10-5, paired Wilcoxon test). 274 

Although, there were no significant site-to-site differences in microplastic concentrations for the 275 

smaller size class (p=0.25, Kruskall Wallis test), the highest microplastic concentrations for the 276 

small size class were located near the center of Raritan Bay (in moderate salinities) rather than at 277 

the mouth of the Raritan River as was observed for the larger size class. 278 

3.2  Comparison of estuarine waters and source water microplastic 279 

Microplastics were measured in source waters for the 500-2000μm size class.  The wastewater 280 

influent had the highest concentrations of microplastic compared to wastewater effluent, storm 281 

water, and surface water (all p≤ 6.5×10-5, posthoc pairwise.t.test with Bonferroni correction; Fig. 282 

4). The wastewater influent also had the greatest range in concentrations, spanning two orders of 283 

magnitude.  Wastewater effluent, storm water, and surface water had similar concentrations of 284 

microplastics (all p≥0.23, posthoc pairwise.t.test with Bonferroni correction) (Fig. 4).  However, 285 

the sample size for storm water (N=3) was small and a larger sample size could possibly result in 286 

significant difference in microplastic concentration compared with surface water (N=26). These 287 

matrices had median concentrations of 600 microplastics/m3 (storm water) and 0.01 288 

microplastics/m3 (surface water) the difference likely due to dilution of the storm water after 289 

release to the receiving water.   290 
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Figure 4 – Boxplot with jitter (open triangles) of 500-2000 μm microplastic concentration on log 292 

scale of wastewater influent (“influent,” N= 4), wastewater effluent (“effluent,” N=4), storm 293 

water (N=3), and surface water (N=26). Data points intersecting the x-axis had <1 microplastic 294 

per cubic meter. 295 

 296 

The correlation between total particles and microplastic was tested on the data from all the fully 297 

analyzed samples and showed a positive correlation across all sampling types (linear regression: 298 

0.34, R2=0.93, p=1.15×10-9, Spearman Rank, Fig. 3). The field blanks for both the surface water 299 

and wastewater sampling did not have any microplastic particles, but the field blanks for the 300 

wastewater samples each had one non-microplastic particle.  This low level of non-microplastic 301 

contamination did not appear to impact the correlation result. 302 

3.3  Microplastic composition in surface and source waters 303 

A variety of polymer types were identified via the SiMPle analysis, and example spectra 304 

associated with select microparticles are shown in Fig. S4. For the microplastics in the 500-2000 305 

μm samples, the most commonly observed was polyethylene which represented 45.1±32.9% of 306 

microplastics identified (all p<0.0003, posthoc pairwise.t.test with Bonferroni correction) and 307 

was observed in 13/15 samples with microplastic (Fig. 5a). This was also the most prevalent 308 

polymer type observed in the smaller size class.  Polymers including rubber, polypropylene, 309 

polystyrene, polyester, and various vinyl copolymers were also present. The vinyl copolymers 310 

consisted of ethylene ethyl alcohol, ethylene vinyl alcohol, styrene allyl alcohol, and styrene 311 

acrylonitrile. Polymers categorized as “other” included turf fibers, polyether, and polyvinyl 312 

stearate. 313 

 314 
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 315 

 316 

Figure 5 - The polymer type composition of each sample for the (a) 500-2000 μm and (b) 250-317 

500 μm particles (fragments, pellets, sheets)   318 

Cluster analysis was used to understand if there were patterns in the polymer type and 319 

concentration observed for the 500-2000 µm particles between the different sample types and 320 

locations (Fig. A5).  No clusters were significantly different (SIMPROF test, p>0.196).  321 

Replicate surface water samples clustered with 30.6-71.4% similarity, which did not necessarily 322 

result in them forming clusters with the highest similarity to one another.  Surface water samples 323 

from the low flow July 26, 2018 sampling formed a cluster with 59.1% similarity with one 324 

another and cluster with select samples from the April 11, 2019 moderate flow sampling at 325 

30.6% similarity.  Samples from Sites 3 and 4 on the low flow sampling clustered with 326 

wastewater influent from plants 2-3 with 42.0% similarity.  The high flow April 16th samples 327 

with MP clustered with influent from WWTP1, effluent from WWTP4, and storm water from 328 
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City N and B with 63.4% similarity.  Field P was the most distinct sample, consisting of only 329 

polystyrene with 0% similarity to the other samples.  330 

4.  Discussion 331 

4.1  Microplastic in the Raritan river and estuary 332 

Microplastic concentrations between 0 and 2.75 microplastic/m3 for 500-2000µm and 0.38 333 

(measured) to 4.71 (estimated) microplastic/m3 for 250-500µm were observed in surface waters 334 

collected from the mouth of the Raritan River out to the coastal ocean. This is consistent with the 335 

range reported in a recent review of microplastics and nanoplastics in aquatic environments that 336 

concluded that the concentrations of macro and microplastics in lakes, rivers, and oceans would 337 

be between 10-3-103 microplastic/m3 (Alimi et al., 2018). Likewise, the values found are 338 

consistent with studies of estuarine and coastal environments from the Raritan River (Estahbanati 339 

and Fahrenfeld, 2016), Delaware Bay (Cohen et al., 2019), Pearl River estuary (Cheung et al., 340 

2018; Lam et al., 2020), Tamar Estuary (Sadri and Thompson, 2014), and the Adriatic Sea 341 

(Atwood et al., 2019) that reported values of 0.028-84 microplastic/m3.  Higher concentrations 342 

per volume were reported when smaller size classes were included resulting in a larger range of 343 

particle sizes (Hitchcock and Mitrovic, 2019; Wu et al., 2019; Zhang et al., 2019). 344 

The highest concentration of 500-2000 µm microplastic was found at the mouth of the Raritan 345 

River and in the river itself, as compared to the coastal ocean. A similar observation was reported 346 

in previous studies of microplastic size classes 300-5000 μm (Cohen et al., 2019), >500 μm 347 

(Atwood et al., 2019),  >125 μm (Schmidt et al., 2018) in the river and ocean environment 348 

suggesting the river is a source that is diluted as it enters the estuary. In contrast, the highest 349 

estimated MP concentrations for the 250-5000 µm samples were located in the mid-Raritan Bay 350 
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in the vicinity of the Hudson River plume.  Implications of these observations are discussed in 351 

Section 4.3. 352 

There were generally no significant differences in samples taken on the same day with the 353 

exception of the 500-2000 µm samples mouth of the Raritan River during the July sampling 354 

event which was higher than all other concentrations observed in that size class. There were, 355 

however, noticeable differences for the larger size particles between flow conditions where July 356 

(low flow) had microplastic concentration 1.22+/-0.826 microplastic/m3, April 11 (moderate 357 

flow) had 0.35+/-0.052, and April 16 (high flow) had 0.01+/-0.0214. Kapp et al. also found that 358 

periods of low flow may accumulate microplastic particles (Kapp and Yeatman, 2018) greater 359 

than 100 μm after sampling the Snake River, WY and revealing a negative correlation between 360 

microplastic concentration and velocity of water. In low flow conditions, higher concentrations 361 

were observed likely because microplastics were not diluted by rain and runoff and had the 362 

opportunity to concentrate in the estuary due to reduced flushing. This is consistent with the long 363 

period of low flow conditions in the Raritan prior to our July 28th survey that allowed 364 

microplastics to accumulate in the Raritan basin before being flushed out of the river, and low 365 

concentrations of microplastics region-wide after a heavy precipitation event and likely dilution 366 

(April 16, 2019). Indeed, the low flow sampling on July 28th, 2018 was a discharge higher than 367 

any flows in the prior 40 days. In contrast, the moderate flow sampling on April 11th, 2019 368 

occurred following a large flushing event that had a peak flow on March 22nd, 2019 of 219 m3 369 

and decreased monotonically until early April when it leveled off at 20 m3/s (Figure 6).  Rainfall 370 

events have been associated with elevated microplastic concentrations in eastern Australian 371 

estuaries (Hitchcock and Mitrovic, 2019), and estuarine rivers feeding the Chesapeake Bay 372 

(Yonkos et al., 2014).   373 
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The most commonly observed polymer in the river and estuary was polyethylene, polyethylene 374 

and polypropylene have been commonly observed as prevalent polymer types in other estuarine 375 

waters (Sadri and Thompson, 2014; Cheung et al., 2018; Wu et al., 2019; Zhang et al., 2019; 376 

Lam et al., 2020; Nel et al., 2020).  The microplastic analyzed here were fragments, films, and 377 

pellets but the observed morphologies were not quantitatively categorized. Fibers were observed 378 

in the samples but were not analyzed because of their small size and the chance of 379 

contamination. 380 

There was a linear correlation between the total particle concentration remaining after the 381 

oxidation and density separation and microplastic concentration across sampling sites. The 382 

particles not classified as microplastic (i.e., manmade polymers) had high similarity to cellulose, 383 

natural fibers, cow fur, shells, and other natural materials. Notably, the wastewater effluent had 384 

several samples with a microplastic concentration of <1 particle per sample but that did contain 385 

other particles and therefore fell well outside of the regression confidence interval. The lower 386 

microplastic concentration may be due to sampling at a relatively small volume, or WWTPs 387 

being effective at removing microplastic. While some papers sample a small percentage of 388 

sample and scale up the results, little is known about the relationship between the total 389 

concentration of particles and the microplastic concentration in a sample. This result may 390 

indicate that total post-oxidation and density separation particle counting, and a regression could 391 

be used to estimate microplastic concentration in surface water, wastewater influent, and storm 392 

water, but not wastewater effluent.  Given that microplastic analysis with the techniques applied 393 

here is not high throughput, application of regression could help provide a first estimate of total 394 

microplastic concentration in such samples and help reduce analysis time.  Of course, validation 395 

in wider set of locations is required to test whether this regression is site- and potentially 396 
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temporally-specific (as plastic use patterns change), and further analysis following the regression 397 

analysis would still be needed to identify the types of polymers observed. 398 

4.2  Comparing microplastic in the Raritan river and estuary to different potential sources 399 

Larger microplastic from potential sources were collected and analyzed to understand if the 400 

observed polymer profiles were similar to those observed in the river and bay.  The wastewater 401 

influent had the highest concentrations of microplastics while also having the greatest range in 402 

concentration (333-2250 microplastic/m3) compared to wastewater effluent, which frequently 403 

had a concentration of <1 microplastic/m3. This suggests that the treatment plants studied here 404 

appear to be generally effective at removing microplastics in the morphologies studied (i.e., 405 

fragments, pellets, sheets), which is consistent with a review of the occurrence and fate of 406 

microplastic in WWTP that concluded treatment plants were efficient at removing 72-99.4% of 407 

microplastics (Gatidou et al., 2019).  Including microfibers would increase the concentrations 408 

reported here as other have reported this morphology to be prevalent in wastewater effluent.  409 

Analyzing microplastic in the potential source water samples in the smaller size class was 410 

beyond the scope of this study but is recommended for future work given that the smaller size 411 

class was more prevalent in surface waters.  412 

The storm water concentrations were between 400 and 600 microplastic/m3. This is lower than a 413 

storm water runoff study by Piñon-Colin that analyzed particles in a larger size range (i.e., 414 

greater than 25 μm) and found a range of 12,000-2,054,000 MP/m3 in runoff from residential, 415 

commercial, and industrial land usage (de Jesus Piñon-Colin et al., 2020). Liu et al. sampled 416 

storm water retention ponds for microplastic greater than 10 μm and found concentrations of 417 

490-22,894 microplastic/m3 after looking at residential, industrial, and commercial areas (Liu et 418 



27 

 

 

 

al., 2019a). Piñon-Colin completed visual identification under microscope (de Jesus Piñon-Colin 419 

et al., 2020) while this and the Liu study used FTIR analysis (Liu et al., 2019b), therefore the 420 

higher greater microplastic concentration may be due to site-to-site differences (i.e., differences 421 

in land use and frequency of runoff events) and/or an overestimation due to error in visual 422 

identification. The smaller size range of this study (500-2000 μm) could be why it falls on the 423 

lower end or well below these ranges.  424 

The polymer concentrations and profiles were compared between the sample types with cluster 425 

analysis.  Storm water from City B was collected near a parking lot in a residential area and City 426 

N adjacent to a highway.  These samples contained mainly polyethylene and clustered with 427 

63.4% similarity to one another. Storm water from Field P was collected in between three 428 

recreational artificial turf fields clustered at 0% similarity to all other samples and was the only 429 

sample from this study (storm water, wastewater, surface water) to contain polystyrene. Other 430 

studies have observed higher quantities of polystyrene (Fahrenfeld et al., 2019; de Jesus Piñon-431 

Colin et al., 2020). This unique land use may explain why the results were so different from the 432 

other storm samples, although collection of more storm water samples is suggested to fully 433 

capture the potential diversity of polymers it contains and potential linkages with land use. 434 

Including particle morphology as another dimension could potentially differentiate storm and 435 

wastewater, but our literature review did not indicate this was useful for differentiating 436 

wastewater influent and effluent (Fahrenfeld et al. 2019).   437 

Storm water from City B and City N had 57.9% polymer similarity with surface water from 438 

April 11, 2016 and 26.5% similarity with the rest of the surface water. This indicates that storm 439 

water is a potentially significant source of microplastic.  440 
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4.3  Implications of results for fate & transport of microplastics 441 

One striking result is the tendency for large microplastics to be present in the freshwater end 442 

member of the Raritan River while the smaller size class of microplastics was most prevalent in 443 

mid-Raritan Bay. This is most prominent in the data collected on April 11th, 2019. Indeed, both 444 

locations in the coastal ocean on this date had higher small microplastics concentrations than 445 

those in the Raritan’s outflow (Figure 2 and 6). The ratio of large microplastics to small 446 

microplastics was significantly lower than predicted by a fragmentation model (Cózar et al., 447 

2014) even if including conservative mixing into ocean waters given the observed salinity 448 

values. Thus, this suggests that the source of the smaller microplastics is the Hudson River. This 449 

is supported by high concentrations of small microplastics in the two outer most surveys on April 450 

11th, 2019 a region dominated by the much larger Hudson River discharge (Chant et al., 2008a).   451 

The breakup of macroplastics into microplastics occurs due to UV radiation, abrasion by 452 

sediments and mechanical stress associated with turbulent shears (Hebner and Maurer-Jones, 453 

2020). We note that the smallest turbulent eddies in the Hudson River scale with the 454 

Kolmogorov scale (Lk) (Thorpe, 2007) which decreases with increasing turbulent dissipation 455 

rates. Based on observed turbulent kinetic eddy dissipation rates in the Hudson (Peters and 456 

Bokhorst, 2000). Kolmogorov scale during peak currents is 0.3 mm and falls in the range of the 457 

smaller microplastic class we describe above (particles smaller than 0.25 mm were not analyzed 458 

in this study). Microplastics larger than Lk would be sheared apart by these small-scale eddies, 459 

while those on that scale or smaller would experience weaker stress. The breakup of marine flocs 460 

are also limited to Lk (Akers et al., 1987; Winterwerp, 1998) and we suggest the breakup of  461 

microplastics may too be controlled by Lk . Moreover, the Hudson River has a much longer 462 

residence time (Bolin, 1973), or equivalently the particle mean transit time, than the Raritan 463 
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River, due to the Hudson’s larger size to river discharge ratio, and microplastics in Hudson will 464 

be subject to many more tidal cycles of intense turbulence that ultimately leads to more breakup 465 

and the discharge of smaller microplastics to the coastal ocean. In addition, the ability for 466 

microplastics to overcome turbulent mixing decreases with decreasing particle size causing 467 

smaller microplastics to be more vertically mixed while larger microplastics remain closer to the 468 

surface (Cózar et al., 2014; Cohen et al., 2019). This would, given the surface-intensified 469 

seaward flow in estuarine systems (MacCready and Geyer, 2010), flush larger microplastics out 470 

of the estuary more rapidly than smaller microplastics.  Finally, the size range of microplastics in 471 

the open ocean’s gyres exhibited low concentrations of microplastics under 1 mm (Cózar et al., 472 

2014) and thus these small microplastics that we observe entering the coastal ocean are unlikely 473 

to reach the ocean gyres but rather be lost in the coastal ocean due to biological uptake or 474 

deposition.  475 

 476 
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 477 

Figure 6 -  Large microplastics (MPs)  (upper left) and small microplastics (upper right) as 478 

function of salinity on April 2019 surveys.  Black dots are for 4/11 and red for 4/18. Lower panel 479 

shows results of Fragmentation model (Cózar et al., 2014). Dashed horizontal line shows the 480 

ratio of large microplastics to small microplastics based on fragmentation.  481 

 482 

5.  Conclusions 483 

Results provide, to our knowledge, the first characterization of the size distribution of 484 

microplastics from a highly urbanized estuarine/coastal system with multiple fresh water inputs, 485 

including the Hudson and Raritan Rivers. Relationships were observed between flow conditions 486 

and microplastic concentrations with the highest concentrations for 500-2000 μm particles 487 

observed during summer low flow conditions at the mouth of the Raritan River.  Smaller 488 
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microplastics (250-500 μm) had higher concentrations in the bay and ocean that likely came 489 

from the Hudson River, which has a longer hydraulic residence time.  FTIR analyses 490 

demonstrated that polyethylene, polypropylene, and rubber were predominant polymer classes 491 

observed in the bay.  The clustering of storm water polymer results with surface water samples 492 

indicated that this understudied pathway of entry is potentially an important source of plastic 493 

pollution.  A greater number of storm samples with varying land usages would be needed to fully 494 

capture the contribution of storm water.  Of interest given the analytical burden of identifying 495 

microplastics is the observed linear correlation between the total concentration of particles and 496 

the microplastic concentration in a sample. Using a regression could reduce analysis time, but a 497 

broader set of locations would be needed to further determine this correlation and whether the 498 

correlation is site, temporally, or source specific.   499 
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