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Abstract: 

While the presence of plastic pollution is well known in the world’s oceans and is 

beginning to be documented in the world’s freshwater systems, there is not yet an in-

depth understanding of the distributions, chemical compositions, fates and ecological 

impacts of plastic particles in most aquatic systems. Microplastic particles are of 

particular concern due to their direct biological effects (such as false satiation), their roles 

as sorbents of other chemical compounds, and as vectors for invasive species.  In this 

study, we evaluate the magnitude, distribution, and common polymers of microplastic 

pollution in surface waters and sediments in western Lake Superior, the deepest and most 

pristine of the Laurentian Great Lakes.   Microscopy, Pyrolysis-Gas 

Chromatography/Mass spectrometry (Pyr-GC/MS), and Fourier Transform Infrared 

spectroscopy (FTIR) were used to quantify and identify microplastic particles. Despite 

the low human population density in Lake Superior’s watershed, microplastic particles 

(particularly fibers, fragments, and films)  were identified in western-lake surface waters 

at levels significantly greater than those previously reported in Lake Superior’s eastern 

basin (p-value < 0.05). Microplastic concentrations in western-lake surface waters were 

found to range from 0 to 110,000 particles•km
-2

 (n=15, mean: 39,000 particles•km
-2

, 

standard deviation: 28,000 particles•km
-2

, and 95% confidence interval: ±14,000 

particles•km
-2

). Fibers were the most frequently observed morphology in lake surface 

waters and sediments.  The most common polymer in surface waters and sediments was 

PVC; for surface waters, PP and PE were the next most frequently observed, and PET 

was the only other polymer observed in sediments.  Our ability to evaluate microplastic 

abundances in Lake Superior’s waters and sediments was in part determined by the need 

to correct for ambient contamination from atmospheric deposition of microplastics during 

sampling and sample processing.  The effects of this contamination, coupled with the 

small sample area of sediment obtainable by multi-corer, made determining microplastic 

concentrations in surface sediments problematic.  Results presented here provide 

quantitative and qualitative data on microplastic pollution in western Lake Superior using 

improved analytical methodology, including polymer characterization by two different 

techniques.  This study also provides insights into possible sources of microplastic 

pollution in Lake Superior,  and ways to improve future microplastics studies in aquatic 

systems. 
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Introduction: 

 Since the advent of mass-produced plastic in the middle of the 20
th

 century, 

plastic pollution has become a significant environmental concern.
1
   Plastic pollution has 

been declared to be a worldwide issue that threatens biodiversity in environmental 

systems.
2
  Marine plastic pollution is particularly worrisome, as marine system debris 

typically consists of 60-80% plastic and significant plastic abundances in surface waters 

(e.g., 100,000 items per m
3
) have been observed.

2,3
 Many inputs of plastic pollution to 

aquatic systems exist, including wastewater treatment plants, shoreline debris, river 

outflows, landfills, industrial pollution, illegal dumping into aquatic systems, and 

atmospheric inputs.
4–6

  While the Clean Water Act prohibits the release of recognized 

pollutants from point sources without a permit, microplastic pollution is commonly 

discharged without a permit and with no legal consequences.
7
  Most plastic particles in 

oceanic gyres are less than 10 mm in length, which encompasses part of the mesoplastic 

size range as well as microplastic size range, as established in Crawford, et al., 2016.
8
 

Microplastic particles have been inconsistently defined, particularly when establishing an 

upper-size limit;
1
 however, the definition established for the present work, which is 

influenced by the National Oceanographic and Atmospheric Administration (NOAA), is 

a particle of plastic with no dimension longer than 5.0 mm.
9,10

  The microplastic size 

range typically extends from 5.0 mm to 1 μm,
6,8

 however, effective lower-limits are 

usually dictated by sampling methodology;
11,12

 for the current study, 333 μm for surface 

waters and 250 μm for sediments were the lower size limits (see Methods section).   

Microplastic particles have several recognized morphologies, including beads (pellets), 
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foams, films, fragments, fibers (lines), and other shapes resulting from the degradation of 

larger plastics.
2,4,8,13

 

 Negative or potentially negative effects of microplastic pollution include: 

physical damage to organisms upon ingestion, false satiation, toxicological effects from 

adsorbed substances and speculated toxicity from polymers and additives, and serving as 

vectors for invasive species.
2,14

  Much of the focus on potential toxicological damage 

from microplastic pollution regards hydrophobic substances adsorbing to microplastic 

particles, including PCBs (polychlorinated biphenyls), DDT 

(dichlorodiphenyltrichloroethane) related compounds, and PAHs (polyaromatic 

hydrocarbons),
14

 although the uptake of these adsorbed substances from hydrophobic 

microplastic surfaces into organism biomass is not well known.
15

  Recent research has 

revealed the presence of inorganic contaminants in microplastic paint pigments as well, 

including copper (Cu), lead (Pb), and cadmium (Cd)
16

, and the uptake of these pigment-

related contaminants into aquatic organisms is unknown. 

  Microplastic particles may be mistaken for food by fish species, as shapes and 

colors of microplastic can mimic food sources in the environment.
3
  Ingestion of 

microplastic particles has been well-documented in marine settings, and negative effects 

observed in experimental conditions include: reduced feeding rates, reduced energy 

production, inability to remove pathogenic bacteria, and reproductive inhibition.
17

  

Although research on toxicity related to microplastic consumption in humans is limited, 

there is evidence of plastic particle assimilation in intestinal tissue of mammals.
18

  Due to 

the acidic conditions and enzymes within the stomach, it is speculated that adsorbed 



3 
 

substances on microplastic particles are removed during digestion and adsorbed later in 

the less acidic bowels.
18

 

In aquatic systems, low density plastic polymers, such as polyethylene (PE) and 

polypropylene (PP), may initially float at the surface, but can eventually sink into 

sediments over time via accumulating biofilm and mineral deposits.
4,19

  In sediments, 

microplastics may further persist due to their inherent resistance to biodegradation and 

lack of ultraviolet light exposure, which can lead to degradation of plastic polymer 

structures though direct or indirect photoreactions.
13,19,20

  Due to the potential for  

microplastic particles to sink, either innately or as part of aggregate particles, sediments 

are a suspected significant sink for plastics in aquatic environments.
14,19,21

 Conversely, 

when microplastics are not buried in sediments, but are exposed to sunlight, ultraviolet 

light (UV-B) has the ability to degrade microplastic particles
3,9

, thus, exposed plastic 

pollution in areas like shorelines has a greater potential to degrade.
3,4,22

  While 

biodegradation of standard, non-oxidized plastic polymers is limited to a few, specific 

microbial species (such as Rhodoccus ruber, Brevibaccillus borstelensis, and Penicillium 

simplicissimum in degrading PE),  polymer oxidation can enhance biodegradation by 

other species.
22

 

Much of the research regarding microplastic pollution has focused on marine 

systems and much less so on freshwater systems.
2,14

  Recently, there has been an 

increasing interest in studying microplastics in freshwater systems, including 

investigations of Lakes Bolsena and Chiusi of Italy, Lake Hovsgol of Mongolia, Lake 

Geneva and Lake Constance (and others) of Switzerland, Lake Victoria of the Great 

African Rift Lakes (investigating Nile Perch), Lake Winnipeg of Canada, and the 
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Laurentian Great Lakes.
23–30

  Previous studies in the Laurentian Great Lakes have 

observed microplastic pollution in both surface waters and shorelines.
26,27

  According to a 

review paper by Driedger, et al., 2015, the ultimate fate and geographic distribution of 

plastic pollution in the Great Lakes is not well understood, 
4
  in part because little 

quantitative microplastic data exists for plastic pollution in the water columns and 

underlying sediments of the Laurentian Great Lakes. 
4
   

Despite Lake Superior’s status as the largest lake on earth by area, there is a lack 

of data, quantitatively and qualitatively, regarding microplastic pollution in Lake 

Superior. To the author’s knowledge, only two published works present quantitative data 

on microplastic pollution in surface waters related to Lake Superior and no studies 

present quantitative data for microplastic pollution in Lake Superior sediments. Of the 

studies that regard Lake Superior, one study of 21 sites across Lakes Superior, Huron and 

Erie includes 5 stations from the relatively unpopulated eastern basin of Superior, and the 

other contains data on two tributaries flowing into Lake Superior as part of an overview 

of selected tributaries across the entire Laurentian Great Lake system 
26,31

  

Previous studies of microplastic pollution on the Laurentian Great Lakes have 

shown that microplastic pollution has a propensity to be elevated in near-shore areas, 

especially near areas of high human population density and industrial activity, where 

extensive clean-up projects have not been performed.
4,26,32

  Previous studies of 

microplastic pollution in the Laurentian Great Lakes found that average open-water 

plastic density resembled severely polluted ocean gyres
4,26

 and plastic was often found to 

be greater than 80% of anthropogenic shoreline debris items.
4
  Shoreline clean-ups and 
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surveys of the Great Lakes revealed that cigarette butts (cellulose acetate), food wrappers, 

and containers were the most common items of plastic pollution.
4
  

Quantification of microplastic particles often relies on visual sorting from a 

processed sample and recording the number of particles observed.
8
  For reporting 

microplastic quantities in the environment, typical units used regard a count of plastic 

items per unit area or volume, i.e. “items per km
2
” or “items per m

3
”, although, some 

previous studies have used mass per mass units as well.
13,33–35

 Pyrolysis-Gas 

Chromatography/Mass Spectrometry (Pyr-GC/MS), Fourier Transform Infrared 

Spectroscopy (FTIR), Focal-Plane Array (FPA) FTIR, Raman spectroscopy, and 

Scanning Electron Microscopes (SEM) are qualitative techniques used for identifying and 

characterizing microplastic polymers.
8,13,36,37

  These techniques are typically used after 

isolating microplastic particles via a density separation procedure; density separations are 

conducted by subjecting environmental samples to concentrated or saturated salt 

solutions, followed by filtration or other separation techniques, and then optical 

identification/selection of microplastic particles.
13,14,36,38

  

The polymers most commonly observed in plastic pollution of Great Lakes 

surface waters and shorelines are low density polymers PP, PE, and expanded 

polystyrene (PS); see Table I.
4
  While the prevalence of these polymers in plastic debris, 

as well as the primary control of particle transportation and fate, has largely been 

attributed to polymer density, evidence of more dense polymers in surface waters and less 

dense polymers in sediments has suggested that other factors are significant as well.
4,8,39

  

Other factors thought to control microplastic particle fate include: surface currents, long-

term circulation patterns, adhesion to marine snow, ingestion and defecation, biofouling, 
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mineral deposition, air pockets within particles, and polymer additives.
4,8,11,19,39

  To the 

authors’ knowledge, only the two published works alluded to previously and data 

available from volunteer groups, Adopt-A-Beach (AAB) and Great Canadian Shore 

Cleanup (GCSC), present quantitative plastic pollution data related to Lake Superior; the 

data provided from these sources regard surface waters
26

, tributaries
31

, and shoreline 

plastic pollution.
4,26,31

 

The goals established for the present study were to quantify and evaluate the 

distribution of microplastic pollution in surface waters and sediments of western Lake 

Superior, to identify polymers present in microplastic debris, and to improve upon 

existing quantitative methods.  As previous works have called for, accurate 

quantification, identification, and thorough investigatory work will be needed to evaluate 

the magnitude of microplastic pollution in the Laurentian Great Lake systems, especially 

in near-shore and urban areas.
2,4,26,32

  Little quantitative data exists for the extent and 

severity of microplastic pollution in Lake Superior; for the most populated and most 

densely populated urban area of Lake Superior: Duluth, Minnesota and Superior, 

Wisconsin (as of the 2016 censuses for the United States and Canada)
40,41

, a high stress 

region,
42,43

 published data is essentially non-existent.  

Furthermore, previously established methods have been criticized for having a 

lack of “clean techniques”.
15

  While a number of investigations of aquatic microplastic 

pollution have taken place, various publications provide detailed critiques of these 

commonly used and published methods, including: sorting/identification errors, difficulty 

distinguishing among natural materials and microplastics, bias associated with not 

selecting small and uncolored particles, and poorly isolating denser plastics unless 
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heavier and expensive salts like NaI, ZnCl2, and polytungstates are used in density 

separations 
8,32,37,38,44

.   Here, we attempt to address some of the analytical issues present 

in quantifying microplastic pollution, as elaborated in previous publications, by including 

“clean” analytical techniques in our methods:  washing sampling gear methodically 

between samples, collecting sampling control samples and sample processing  control 

samples for assessing ambient contamination as well as lab control samples (LCS) using 

analytical plastic standards to assess efficiency.
12,15

   

 

Methods: 

Methodology Motivation and Influence: 

 Methods for water and sediment sampling, sample processing, and analysis were 

influenced by previous works, in particular, NOAA’s publication regarding standardized 

microplastic sampling and sample processing written by Masura, et al., 2015.
10,26,36,38,45

  

Microplastic polymers focused on were: polyethylene (PE), polypropylene (PP), 

polyvinylchloride (PVC), polystyrene (PS), and polyethylene terephthalate (PET). These 

polymers were chosen because they are the most commonly produced and encountered in 

the environment.
1,32

  These polymers correspond with designator codes 1-6 created by the 

Society of The Plastics Industry (SPI) and currently used by the American Society for 

Testing and Materials (ASTM).
8
  While these polymers were the primary references for 

analysis, other polymers isolated, analyzed, and identified were reported as well. Plastic 

standards medium-density polyethylene (MDPE, catalog #: EV306010), PS (catalog #: 

ST316051), PVC (catalog #: CV316010), and PET (catalog #: ES306030), all in powder 

form (250-350 μm) were from Goodfellow, Inc., amorphous PP standard was from 
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Sigma-Aldrich (product #: 428175), and sphere/bead PE and PP standards were from 

Cospheric (product #’s: WPMS-110 600-700μm and PPS-0.9 2.45+/- 0.05mm-100, 

respectively). 

 

Morphological Categories: 

   Microplastic particles were defined as belonging to one of  6 morphological 

categories, similar to those defined in Crawford and Quinn, 2016.
8
  Note that while the 

effective upper-limit based upon sieving is that at least 2 dimensions were less than 4.0 

mm, any non-fibrous particles with a dimension of 4.0 to 5.0 mm that passed through the 

4.0 mm sieve were isolated during microscopy, were recorded, and used for quantifying 

microplastic abundance, frequency of morphological categories, and were subject to 

qualitative analysis.  See Table III and Figure II for each morphological category, 

respective definition, and examples.  

 

Study Area and Sample Sites: 

 Twelve sample sites were chosen in western Lake Superior.  These sites represent 

key environments speculated to differ in their microplastic distributions based upon 

proximity to believed sources (local wastewater treatment plant, urban shorelines, river 

outflows).  Sites were categorized into generalized, regional environments, including: 

shoreline, estuary/harbor, and offshore/open water (see Figure I and Table II).  Dates of 

sample cruises were: August, 15
th

, 2016 (cruise #1), August 17
th

, 2016 (cruise #2), 

September 8th (cruise #3), September 28-30th, 2016 (cruise #4), March 19
th

, 2017 (cruise 

#5), May 9
th

, 2017 (cruise #6), and July 5
th

, 2017 (cruise #7). 
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Water Sampling: 

 

 An NQS-45-60 manta tow net (Ocean Instruments, San Diego, CA, USA) was 

used for surface water sampling.  The net was 3 m in length with a frame opening 14 cm 

deep by 85 cm wide.  The mesh size of the net was 333 µm.  At each sample site, a target 

tow length of 500 to 2000 m was established with length based upon the amount of 

floating debris.  Tows were taken at a speed of 2.0 knots.     Accurate determination of 

distance towed was measured using a flowmeter and was compared to tow length 

estimation by measuring the duration of a tow at a constant velocity.  To avoid 

contaminating samples, the manta net and collection vessel were rinsed methodically.  

Before each tow, the net was rinsed in surface water without the collection vessel in 

place, and was then thoroughly rinsed from the outside using an on-vessel hose using 

lake water to prevent sample contamination prior to taking a tow.  The collection vessel 

was tripled-rinsed using Millipore water before attaching to the net and beginning a tow.   

After a tow was completed, the net was rinsed thoroughly from the outside using 

water sprayed from the on-vessel hose to isolate materials into the collection vessel.  

Contents captured in the collection vessel were quantitatively transferred to 4.0 mm and 

250 µm metal sieves in series.  Contents isolated on each sieve were transferred via 

forceps and/or Millipore water or <0.7 µm filtered Lake Superior water into combusted 

glass containers with Teflon caps.  Contents captured on the 4.0 mm sieve that could not 

be washed through were archived; contents captured on the 250 μm sieve were later 

subjected to sample processing and analysis.  Samples were stored in cool, dark storage 

vessels until they could be further processed in a laboratory.
10,26
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Due to the potential presence of microplastics in dust around sampling areas
5
, two 

clean, empty/dry Petri-dish bottoms, 5.5 cm in diameter, were placed on the boat while 

collecting samples. After sampling, the Petri-dishes were rinsed 3 times with Millipore 

water and rinses were collected to establish if ambient plastic contamination had 

occurred, similar in purpose to the wet filter papers used in Woodall, et al., 2014
21

; Petri-

dish ambient control samples were later filtered and microscopically examined.   To 

further prevent sample contamination, cotton or wool based clothes were worn as much 

as possible during water sampling, sediment sampling, sample processing, and 

microscopy. 

 

Sediment Sampling: 

Sediment samples were collected using an Oceanic Instruments multi-corer unit 

with the R/V Blue Heron used as sampling platform.  Individual core tubes are 10 cm in 

diameter.  From each site (Duluth Outskirts, Western Mooring, and Nemadji River), a 4-

core extraction was attempted.  If successful, the flocculent, the unconsolidated layer at 

the top of the core, and the 0-2 cm layer from 3 cores were extruded, combined, and wet 

sieved using a series of 4.0 mm and 250 µm metal sieves, creating composited, 

representative samples of the flocculent and 0-2 cm layers.  The 4
th

 core was archived.  

Collected materials on the 250 μm sieve were thoroughly rinsed with Millipore water or 

<0.7 µm filtered Lake Superior water and then were quantitatively transferred to glass 

containers with Teflon caps and stored in a dark place until samples could be further 

processed. When fewer than 4 cores were obtained, 1 core was always archived and the 

remaining cores were used for creating composited samples as described above.
10

  Again, 
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empty, dry Petri-dish bottoms were placed around work areas and used to assess ambient 

microplastic contamination. 

   

 Surface Water Tow and Sediment Sample Processing: 

 Collected materials from sieving were treated to an oxidation step to degrade 

labile organic matter and a density separation step to isolate lighter plastic particles from 

denser, inorganic materials.  Some denser plastic polymers may have been included with 

the inorganic fraction.  Both of these steps were performed to aid in microscopic 

examinations for isolating microplastic particles.  

 For the oxidation procedure, sieved samples were quantitatively transferred to a 

pre-weighed beaker and dried at 90°C.  After drying, samples were weighed and then 

subjected to 30% hydrogen peroxide (H2O2) treatment catalyzed by Fe
2+

 at ~75°C.  The 

oxidation treatment consisted of adding 20 ml of 30% H2O2 (Fisher, Pittsburgh, PA, 

USA) and 20 ml of 0.05 M ferrous sulfate heptahydrate (FeSO4•7H2O) to sample beakers 

covered with a watch glass.  Once the reaction was visually effervescing, beakers were 

removed from heat to let the reaction subside.  Samples were then again heated for 30 

minutes at 75°C to ensure the reaction had been completed.  Temperature was monitored 

by a thermometer present in the sample solution.  If organic matter persisted, where 

components visually identified as organic matter were present after adding 30% H2O2, 

another 20 ml aliquot of 30% H2O2  with subsequent heating (30 minutes, 75°C) was 

repeated as necessary (typically between 3-5 aliquots).
10

   

 After oxidation treatment had taken place, enough sodium chloride (NaCl) was 

added to create an approximately 5 M NaCl solution. Contents of the beaker were 
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transferred to long stem funnels, where solids denser than the solution (~1.15 g/ml) 

settled overnight with aluminum foil covering the top of the funnel.  Tubing which had 

been clamped at the bottom of the funnel overnight was opened to allow settled solids to 

drain out.  These settled solids were archived for later analysis.
10

  The remaining 

supernatant solution was filtered through 180 μm Nylon filters (Millipore, reference 

number: NY8H04700, lot numbers: R6BA87287 and R7AA53191).  After filtration, 

sample filters were left to dry, covered with Petri-dish glass covers in a sealed container 

with a silica desiccant packet before microscopy; if a more immediate microscopic 

examination was desired for a given sample, the sample was dried at 90°C in an oven 

until moisture content was not visually obvious.  

Density separation was conducted using a concentrated NaCl solution.
8
  Although 

the use of  NaCl solutions has been found to be inefficient for separating more dense 

plastic polymers from environmental matrices
8,32,38

,  NaCl  is commonly used  in density 

separations for  microplastic particles and has advantages over other salts because it is 

inexpensive and has  less potential for negative environmental impacts.
8,37,38

  Hence, the 

efficacy of using a NaCl solution was evaluated here by analyzing both the supernatant 

and archived pellets of surface water samples.   The pellet of one flocculent sediment 

layer, site G, was also analyzed, and as it was the only flocculent sample obtained that 

did not contain overwhelming quantities of inorganic materials. The pellets of the 0-2 cm 

layers of sediment samples were not analyzed due the prevalence of minerals, which 

made sorting via microscopy difficult. 

During sample processing and microscopic examinations (see below), a Petri-dish 

bottom filled with Millipore water was used to assess potential ambient microplastic 
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contamination in laboratories.  Petri-dishes were open whenever respective samples were 

being processed in the lab.  Once samples were no longer exposed, Petri-dish water was 

collected and quantitatively transferred to a collection vial.   Once the supernatant and 

pellet layers had microscopic examinations completed, the collected water of the lab 

ambient control samples were filtered using 180μm nylon filters and and analyzed via 

microscopy to assess ambient microplastic contamination.   Petri-dishes were exposed 

while beakers were covered with watch glasses during the oxidation treatment, thus, in-

lab sample processing ambient controls represent a worst-case scenario for the extent of 

microplastic contamination in samples.   Hence, in establishing a generalized minimum 

detection limit, averages from method blanks described later were favored relative to 

sample processing control samples, as sample processing control samples were suspected 

to be biased high.  

  

Microscopic Examination:  

Sample filters were analyzed on an Olympus SZH10 microscope for counting and 

isolating microplastic particles.  As previous microscopic examinations have been subject 

to inconsistent particle counts among individual analysts, 2 analysts conducted 

microscopic examinations simultaneously.
46

  A camera provided a live-feed of the sample 

to a monitor for both analysts to view during the examination.  A custom, gridded, plastic 

overlay was taped to the bottom of the Petri-dishes containing the sample filter to help 

guide analysts through samples efficiently.  After examining an individual filter once, the 

analysts conducted a review scan of the entire filter and under the filter to ensure no 

particles had been missed.  Size, color, and morphology of particles were recorded on a 
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spreadsheet before transferring the particles to a pre-weighed vial, where total 

microplastic mass could be determined prior to qualitative analysis of individual 

particles.  Between collecting individual particles, forceps were cleaned with methanol.  

Size measurements were made via a micrometer calibrated ocular scale at 40x 

magnification.   Initially, a “break test” was used for the determination of particle 

composition as plastic or otherwise, as described in Masura, et al., 2015; however, this 

led to the misidentification of particles, notably, cotton fibers, as plastic particles.
10

 

 A “hot needle” or “melt test” was later adopted for distinguishing amongst plastic 

and non-plastic particles.
45,47

   Melt tests were carried out by heating a common sewing 

needle with a lighter until approximately 2 mm of the needle tip glowed and was then 

brought near the particle in question.  A plastic positive particle under a melt test 

liquefied or  beaded from melting.
47

 The melt test was conducted on analytical plastic 

standards, polyester fibers, cotton and wool fibers, paint chips from research vessels, and 

Teflon® from a GC vial cap septa.  All analytical standards and polyester fibers melted in 

the melt test, cotton and wool fibers burned, and paint chips and Teflon® exhibited no 

noticeable response. 

 

Qualitative Analysis by Pyr-GC/MS to Evaluate Microplastic Composition: 

 Isolated particles from microscopic examinations were analyzed via Pyr-GC/MS 

for polymer characterization using a pyrolysis and thermal desorption unit (TDU) 

manufactured by Gerstel GmbH & Co. KG, Germany and an Agilent 7890B Gas 

Chromatograph with an Agilent 5977A mass-selective detector (MSD). 
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Approximately 10% of particles collected or a minimum of 5 particles were 

chosen for analysis from selected sites, with a focus on choosing different morphologies 

and characteristics, if possible.  To establish its mass, each particle was manually inserted 

into a tared quartz tube, previously cleaned by soaking in NOCHROMIX overnight, 

rinsed at least 3 times with Millipore water, and combusted for 4 hours at 550°C and 

weighed directly on a Mettler Toledo XP2U microbalance.     Particles less than 20 μg 

were analyzed using splitless introduction into the gas chromatograph; particles greater 

than 20 μg were introduced using a 1:100 split.   

When an analysis was initiated, the TDU was pneumatically unlocked to allow 

the sample to be placed within the TDU/pyrolyzer unit.  After the TDU was again locked, 

a hold-time of 1.5 minutes was used to allow atmospheric gases to elute from the TDU.  

After the 1.5 minute hold-time elapsed, the TDU ramped from an initial temperature of 

50°C to 300°C at a rate of 720°C per minute; the final temperature of 300°C was held for 

1 minute.  After the TDU reached 300°C, approximately 30 seconds into the run, the 

pyrolyzer unit began pulsed pyrolysis at 550°C and ended at 500°C; pyrolysis occurred 

for approximately 20 seconds.  The cooled-injection system liner (CIS), which served as 

a heated intermediate between the pyrolyzer/TDU and the GC inlet, was set at 300°C for 

an initial temperature and increased at a rate of 12°C per minute until an end temperature 

of 320°C was reached; end temperature was held for 1 minute.  

 The GC oven was equipped with a 30 meter Agilent HP-5MS column.  The GC 

temperature program started at a temperature of 50°C for 2 minutes, and then ramped up 

to 320°C at a rate of 10°C per minute for 27 minutes, and finally, the oven was held at 

320°C for 3 minutes; thus an injection’s total run time was 32 minutes.  After each run 
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was completed, the GC underwent an equilibration time of 3 minutes at 50°C before 

another run could be initiated.  The transfer line between the GC and MSD was set at 

280°C.   

The MSD used electron impact (EI
+
, 70 eV) as an ionization source.    The MS 

source and MS quadrupole had set points at 230°C and 150°C, respectively.  The MSD 

scanned for ions from m/z 10-550. Total ion chromatograms/pyrograms of analyzed 

particles were assessed using the National Institute of Standards and Technology (NIST) 

mass spectral library (version 2.0, 12/4/12, available through the mass spectrometer’s 

software package), analysis of analytical plastics standards mentioned previously as well 

as household products made of known polymers, and comparison with published 

data.
36,48–50

  When pyrograms could not be confidently distinguished as a given polymer 

due to the low number of pyrolytic products (< 3 or 4 pyrolytic products) and low 

pyrolytic product abundances, pyrograms were evaluated on Mass Hunter qualitative 

analysis software.  Mass Hunter qualitative analysis software was used to integrate total 

ion chromatogram peak areas of pyrolytic products and calculate a signal-to-noise (S/N) 

ratio.  A 3:1 S/N ratio was used to establish the presence of pyrolytic products, similar to 

previous studies that have used mass spectrometry and have referenced detection limits or 

substance presence based on signal-to-noise ratios of 3:1.
51–53

  See Figure III.   

 

Qualitative Analysis by ATR-FTIR: 

Data from FTIR analysis was obtained to complement Pyr-GC/MS data and 

further confirm Pyr-GC/MS identifications.  A Thermo Nicolet 380 Fourier Transform 

Infrared Spectrometer using an ATR cell with a germanium (Ge) crystal from SensIR 
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was used for obtaining infrared spectra of isolated microplastic particles.  A total of 200 

scans were taken and averaged for each spectrum, with a wavenumber resolution of 1 cm
-

1
. All spectra were smoothed by using 11 Savitsky-Golay convolution points

54
 using 

Origin 8.1 and a break was placed in the wavenumber axis of the spectra, as high noise 

was in spectra between ~1,900 and 2,500 cm
-1

, regardless of how well the crystal was 

covered by a particle.  Particles were chosen if they were deemed easily visible, with low 

risk of difficulty in recovering from the ATR-FTIR unit for subsequent analysis by Pyr-

GC/MS.  If necessary, particles with the potential to damage the Ge crystal were ground 

by an agate pestle and mortar (i.e, irregularly shaped particles like fragments); the pestle 

and mortar was cleaned with methanol prior to grinding particles.  The Ge crystal was 

cleaned with methanol prior to taking a blank spectrum and sample spectrum.    In 

interpreting FTIR spectra, Abdulla, et al, 2010, Crawford and Quinn, 2016, and 

comparison to plastic standards were used for interpreting microplastic particle 

composition and functional group bands.
8,54

   

 

Controls of Laboratory Methods 

 Replicate trials of the sample processing protocol were performed using 

purchased standards from Goodfellow, Inc. and Sigma Aldrich to assess mass loss and 

efficiency in isolating microplastic particles using the sample processing protocol 

described above.  Replicate method blank trials were also performed with 100 ml of 

Millipore water to further assess contamination during sample processing. For both 

method blanks and standard analyses, the sample processing protocol was followed as 

listed above, with the following changes: 3 additions of 10 ml aliquots, rather than 20 ml 
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aliquots of 30% H2O2 were used to accommodate the smaller sample size of test samples 

and the smaller beakers thus used to minimize weighing errors.  For trials concerning the 

use of standards, initial masses of microplastic particles in these methods tests ranged 

from 10-21 mg.  

 

Statistical Analysis: 

 Microplastic concentrations observed in specific regions (shoreline, offshore, 

estuarine; see Figure I) of western Lake Superior were compared to concentrations 

observed in other regions of the lake as well as the data reported in Eriksen, et al., 2013a 

for eastern Lake Superior.
26

  Variances were evaluated via F-tests among the reported 

concentrations, analysis of variance (ANOVA) was used to evaluate mean concentrations 

among study area regions, and a two-tailed T-test was used to compare mean 

concentrations between Eriksen, et al., 2013a and the current study.  Microsoft Excel 

2007’s Data Analysis Toolpak was used to conduct statistical analyses.  An alpha of 0.05 

was used to denote significance for both ANOVA and T-test analyses. 

 

Investigation of Winter Matrices: 

As ice coverage on Lake Superior can be intermittent, leading to challenges in 

winter sampling, a brief investigation was conducted to assess microplastic presence in 

ice, snow, and sub-ice water matrices in Barr’s Lake, Minnesota (a small lake 

approximately 10 miles from Lake Superior’s north shore) on March, 19
th

, 2017.  

Collected samples of ice and snow were melted in clean buckets and were covered with 

aluminum foil to avoid ambient contamination.  Sample volumes obtained were 3.9 L of 
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snow, 11 L of ice, and 100 L of sub-ice water.  All 3 samples were filtered through 180 

μm nylon filters and were subsequently analyzed by the same microscopic examination 

protocol mentioned previously.   

 

Results and Discussion: 

 A total of 621 microplastic particles were isolated from surface water and 

sediment samples. Surface water samples (isolated from 1.56x10
-2

 km
2
 of surface water) 

accounted for 584 microplastic particles, while sediments (isolated from 5.50x10
-2

 m
2 
of 

sediments) accounted for 37. Of the 37 microplastic particles isolated from 6 sediment 

samples (3 sites); 30 were from the flocculent layers and 7 were from the more-

consolidated 0-2 cm layers.  The most frequent particles observed in surface waters were 

fibers (229), followed by fragments (200), and then films (121).  Beads/spheres (10), 

foams (3), and others (21) were observed in lesser quantities (see Figure 3).  Fibers were 

also the most common particles in sediments (22 in total, 18 from the flocculent layers 

and 4 from the 0-2 cm layers).  Fragments, films, and others were observed in lesser 

quantities (total from both layers: 10, 2, and 3, respectively; see Figures IV, V, and VI as 

well as Tables IV, V, and VI). 

While it is difficult to discern the sources of microplastic particles,  the quantities 

of fibrous particles isolated, particularly at the Western Mooring (site G), which is far 

offshore, suggests that atmospheric inputs and greywater/wastewater effluents may be 

significant sources of microplastic particles in Lake Superior.
5,55

  The increased 

frequency of extreme precipitation events associated with climate change may assist 

mobilization of microplastic particles to aquatic systems, in particular, airborne fibers, to 
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“pristine” systems such as Lake Superior.
5,55,56

  Regarding the other 2 dominant 

morphologies, films and fragments, mobilization from urban areas in the western arm of 

Lake Superior via surface currents was thought to be the most likely process for their 

presence in offshore sites like the western mooring.  In circumstances where secondary 

microplastic particles like films or fragments were prevalent, shoreline runoff and litter 

were the most suspected sources.
5,13

  In regard to surface water samples, where films or 

fragments were common (using the investigation of Port Wing (site H) on 8/17/16 as an 

example) it is suspected that small tributaries, similar to the tributary within the town of 

Port Wing, mobilized plastic and microplastic debris from human-occupied areas to 

pelagic surface waters of Lake Superior.  The low prevalence of beads/spheres in 

Western Lake Superior in this study may be due to recent legislation banning 

microplastic beads in products passed in Minnesota.
57

  Overall, fibers, typically low mass 

particles, were the most prevalent in western Lake Superior; processes attributed to 

mobilization of fibers were wind, atmospheric deposition, and greywater/wastewater 

effluents.
55

   See Figure IV and Table IV. 

 Total surface water microplastic masses in our samples ranged from <0.1 mg to 

4.7 mg ± 0.2 mg (uncertainty) and sediment-sample microplastic masses ranged from 

<0.1 mg to 0.4 mg± 0.2 mg.  Between both surface water and sediment matrices, 15.9 mg 

± 0.5 mg (uncertainty, propagated from all masses measured) was collected, where 15.2 

mg± 0.5 mg was collected from surface waters and 0.7 mg± 0.2 mg from flocculent 

sediments (none of the 0-2 consolidated sediment samples contained measurable masses 

of microplastic particles). Where mass was measurable and normalized to area 



21 
 

encompassed, microplastic mass/area ranged from 91 to 3,538 mg•km
-2

 (  = 1,200 

mg•km
-2

) for surface waters.  The largest mass/area ratio for surface waters was observed 

at the mouth of the Nemadji River (site K) with 3,538 mg•km
-2

; the smallest measurable 

mass/area was observed at site D.  Larger masses/area of microplastics present at the 

mouth of the Nemadji River (site K) and outside of Port Wing (site H, 8/17/16) were 

likely transported via turbulent river or tributary currents, providing enough force to keep 

heavier particles suspended in surface waters.  Conversely, other more open water sites, 

site L on 9/30/17 and site G on 9/30/16, had relatively larger mass/areas of 1,200 and 

1,500 mg•km
-2

, respectively; despite the fact that these sites are more likely depositional 

areas, relatively larger microplastic masses were retained in their surface waters. See 

Table V. 

 To correct for ambient contamination of microplastic particles during sampling 

and sample processing, the number of particles isolated from individual ambient control 

samples during sampling and the average number of particles from replicate method 

blank trials were used.  Due to suspected bias high in ambient controls during sample 

processing, method blank averages were chosen; method blank averages better represent 

potential exposure to atmospheric inputs during sample processing, as method blanks 

were exposed to the atmosphere for more similar durations of time.  A total of 5 particles 

were collected from replicate method blank trials; 3 particles were fibers and 2 were films 

(2 fibers, 2 films from method blank 1, and 1 fiber from method blank 2).  A minimum 

detection limit (MDL) was established based upon the sum of the average quantity of 

particles isolated from sampling ambient control samples (2.6) and method blanks (2.5); 
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by summing these averages, an MDL of 5 particles was established.  Hence, any samples 

with fewer than 5 particles after applying corrections were deemed under detection limits.  

For surface waters, 1 sample (Duluth Outskirts, Site E, 9/28/16), had a concentration that 

was under detection limits after correcting.  All but 1 sediment fraction (flocculent 

sediment, site G, 9/30/16), were under detection limits via corrections.  See Table V.  

Uncorrected areal particle abundances of surface waters ranged from 11,000-

120,000 particles•km
-2

 (n= 15, mean: 43,000 particles•km
-2

, standard deviation: 28,000 

particles•km
-2

, and 95% confidence interval: ±15,000 particles•km
-2

), while corrected 

concentrations ranged from 0-110,000 particles•km
-2 

(n= 15, mean: 39,000 particles•km
-2

, 

standard deviation: 28,000 particles•km
-2

, and 95% confidence interval: ±14,000 

particles•km
-2

).  After corrections, estuary/harbor concentrations ranged from 21,000-

110,000 particles•km
-2 

(n=4), open water concentrations ranged from 25,000-54,000 

particles•km
-2

 (n=3), and shoreline concentrations ranged from 0-78,000 particles•km
-2

 

(n=8).  For corrected regional concentrations, on average, the estuary and harbor region 

had the greatest abundance of microplastic particles (  = 54,000 particles•km
-2

, s=39,000 

particles•km
-2

), followed by open water sites (  = 38,000 particles•km
-2

, s=15,000 

particles•km
-2

), and then shoreline sites (  = 28,000 particles•km
-2

, s=22,000 particles•km
-

2
).  The greatest abundance of microplastic particles (110,000 particles•km

-2 
after 

corrections) was observed at site B (8/15/16) near the local wastewater treatment plant.  

The minimum microplastic abundance observed was at site E (9/28/16) with no 

detectable particles
 
(after corrections).  See Figures VII and VIII as well as Table V.     
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Variances in corrected surface water concentrations among the harbor/estuary, 

shoreline, and open-water regions (n= 4, 8, and 3, respectively) of the current study were 

not statistically significantly different (p-value > 0.05). Statistical evaluation of corrected 

areal microplastic concentrations between the current study (n=15) and eastern Lake 

Superior concentrations reported in Eriksen, et al., 2013a (n=5) did reveal significantly 

greater variance (p-value= 1.6x10
-3

) and a significantly greater mean areal microplastic 

concentration (p-value = 6.5x10
-4

) in the current study.  Land use has been attributed as 

the primary reason for significantly greater concentrations in western Lake Superior; the 

Twin Ports region of western Lake Superior is the heaviest stress area of Lake Superior 

and is more urban than sites investigated by Eriksen, et al., 2013.
26,42,43

  

To assess the magnitude of microplastic pollution in western Lake Superior, 

concentrations were compared to other investigations of the Laurentian Great Lakes, 

other inland lake systems, and marine systems (Fig.IX). Western Lake Superior 

microplastic abundances were greater than average values in Lakes Huron
26

 and 

Michigan
29

 but considerably lower than average values in heavily urban Lake Erie.
26

  

Western Lake Superior microplastic abundances tended to be lower on average compared 

to other inland lake systems, including Lake Winnipeg, Canada, Swiss Lakes investigated 

by Faure, et al., 2015 (, and central Italian lakes Lake Bolsena and Lake Chiusi.
23,24,30

   

Lake Hovsgol, a remote mountain lake in Mongolia, had slightly lower microplastic 

values (20,264 particles•km
-2

)
28

 than seen in this study. While western Lake Superior’s 

concentrations were comparable/slightly larger than marine study averages of Law, et al., 

2010 (north Atlantic Ocean, 20,300 particles•km
-2

) and Eriksen, et al., 2013b (southern 

Pacific Ocean, 26,898 particles•km
-2

), the ranges of microplastic abundances in the ocean 
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studies were much larger
 39,58

   Northern Pacific Ocean microplastic concentrations 

reported by Moore, et al., 2001 (average: 334,271 particles•km
-2

, range: 31,982-969,777 

particles•km
-2

)
59

 were much higher than Lake Superior values.  In general, western Lake 

Superior microplastic abundances were greater than lake systems regarded as pristine or 

relatively pristine, but overall are relatively low (Figure IX).  

 As a result of the low number of particles that were isolated from sediment 

samples relative to ambient controls and method blanks, only one microplastic abundance 

observed in sediment samples could be reported with confidence.  Before corrections, 

flocculent sediment concentrations ranged from 40-1,300 particles•m
-2 

(n= 3,   = 800 

particles•m
-2

, standard deviation: 700 particles•m
-2

, and 95% confidence interval: ± 700 

particles•m
-2

) 
 
and the concentrations in the 0-2 cm fractions of sediment ranged from 0-

510 particles•m
-2

 (n= 3,   = 230 particles•m
-2

, standard deviation: 250 particles•m
-2

, and 

95% confidence interval: ± 290 particles•m
-2

).  After corrections, only the flocculent 

sediment of the western mooring had a concentration that was above the MDL (1,000 

particles•m
-2

).    The challenge for sediment sampling is that to obtain an undisturbed 

sediment-water interface, multi-coring is usually used and thus was chosen for this study.  

The multi-corer tubes encompassed small areas of sediment (7.85x10
-3

 m
2
 – 2.36x10

-2
 

m
2
), hence why low numbers of particles were isolated from sediment samples.  Results 

reported here highlight the necessity for sediment sampling techniques to encompass 

large areas and/or masses of sediment (traditional samplers such as Ponar grabs) or to 

take an adequate number of replicate samples (if a multi-corer is desired to obtained the 
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sediment-water interface and resolved layers of sediments) to more confidently report 

abundances of microplastics in sediment.  See Table VI. 

 Petri-dish ambient control samples monitoring microplastic contamination during 

sampling and in-lab sample processing collected a total of 39 and 100 particles, 

respectively.  For sampling ambient control samples, the number of particles collected 

ranged from 0-12 (  = 2.6 particles) while individual surface water sample lab processing 

ambient control sample ranged from 0-20 (  = 6.7 particles).    In ambient control samples 

for the sediment lab processing steps, a total of 18 particles were found (9 particles total 

from processing the flocculent layers and 9 particles total from processing the 0-2 cm 

layers;   = 3 particles for both layers; see Appendix Tables I-IV. 

 Method testing samples using standard polymers yielded replicate average mass 

recoveries that ranged from 8%-93%.  Polyethylene and PS yielded high mass recoveries 

(93% and 94%, respectively), while PET and PP yielded moderate mass recoveries (66% 

and 67%, respectively).  Polyvinyl chloride mass recovery was low (8%), which was 

attributed to high polymer density (1.38-1.41 g•cm
-3

)
4
, as particles were observed in the 

archived pellets from density separation. Similarly, particles from PET method-testing 

samples (density of 1.38-1.41 g•cm
-3

)
4
 were also observed in the pellet.  While PP has a 

lighter density (0.85-0.92 g•cm
-3

) and was be expected to have a greater mass recovery 

from density separation, Sigma-Aldrich PP standard used was manually ground from 

larger fragments and were inconsistent in size, unlike the Goodfellow powder standards; 

hence, some mass loss was attributed to unaccountable, small particles lost through 

filtration.  Mean count recoveries were greater than 70% for polymers PE (93.0%), PET 
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(80.8%), PS (78.5%), and PP (76.6%); Again, PVC exhibited a low-recovery (11.6%).  

Method testing reinforced previous critiques of using NaCl as a reagent for density 

separation of denser plastics.  However, these results only regard microplastics in a 

fragment or powdered form; microplastic polymers of other morphologies, such as films 

and fibers, of more dense polymers like PVC and PET, were recovered from supernatants 

of density separation solutions.  Furthermore, polymer density is not the sole control of 

particle recoverability by density separation.  Particles with certain morphologies, such as 

films or fibers, may float via surface tension in surface waters and density separation 

solutions. See Table VII. 

 Method efficiency was also evaluated by calculating percent of total microplastic 

particles isolated from the supernatants of density separation solutions relative to the total 

number of microplastics obtained from both the supernatant and pellet layers.  Efficiency 

determined in this manner ranged from 44%-94% of the total particles collected from 

samples, with an average of 77% ± 15% (standard deviation). Efficiencies for surface 

water samples from dock harbor (site C) and center bay (site L, 9/30/16) were not 

calculated due to the misidentification of cotton fibers as plastic, therefore, actual 

numbers of microplastic particles isolated from supernatant could not be determined 

confidently.  As reflected by method efficiency recoveries, using NaCl is moderately 

effective for separating microplastic particles from environmental matrices, but losses 

due to this density separation approach should be estimated and it is best that pellet layers 

are also analyzed. See Table VIII. 

  Analysis of isolated particles by Pyr-GC/MS revealed the presence of 7 different 

polymers and a plasticizer resin (see Appendix, Figures I-XXIX as well as Tables V-XII, 
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for further information).  Pyrolytic products characteristic of PE were: terminal dienes, 

terminal alkenes, and alkanes of carbon chains from ~8-30 carbons in length.
36,48

  

Characteristic pyrolytic products of PP included 2,4-dimethylheptene, followed by 

successive “groups” of 2 or 3 peaks; in general, these groups roughly formed a pattern, 

where the first peak alternated in having either 1 carbon longer in chain length or 

methylation of the second to last carbon.  Peaks after the first in given “groups” were 

different stereoisomers and tacticities of the first peak.
48,53

   Pyrograms of PP identified 

particles displayed varying resolution between pyrolytic products, which was attributed 

to the different tacticities of PP; groups as described above were less distinguishable in 

atatcitc PP identified pyrograms relative to syndiotactic and isotactic PP identified 

pyrograms (see pyrograms in appendix).
48

 Polymers PS, PVC, and PET shared many 

pyrolytic products, primarily volatile organic compounds (VOCs) and PAHs, including: 

benzene, toluene, xylenes, indene, styrene, naphthalene and biphenyl.
36,48

   While these 3 

polymers had unique pyrolytic products, usually in small abundances, these polymers 

were primarily distinguished by the dominant pyrolytic product formed in splitless mode 

(PS-styrene, PVC-naphthalene, and PET-biphenyl; Benzene was the dominant pyrolytic 

product of PVC in split mode).  While polymers of PVC and PET themselves do not 

contain sulfur, the presence of sulfur dioxide, benzothiophene, and dibenzothiophene was 

frequently observed in pyrograms; a study conducted by Toraman, et al., 2014 analyzed 

the oil generated by pyrolysis of plastic waste and revealed the presence of the same or 

similar compounds.
60

  Polymers polydimethylsiloxane (PDMS), chlorinated polyethylene 

(CPE), and plasticizer resin were infrequently encountered.  The silicate based polymer, 

PDMS was identified by several cyclosilicate compounds.
48,49

  Although a CPE standard 
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was not analyzed by Pyr-GC/MS, characteristic pyrolytic products listed before for PVC 

as well as triplet-peaks containing hydrocarbons reminiscent of PE were observed, 

similar to Tsuge, et al., 2012’s CPE reference.
48

 A plasticizer resin was identified as 

didecyl phthalate from phthalate pyrolytic products, including phthalic anhydride and 

diethyl phthalate, as well as a broad peak matching the NIST library’s didecyl phthalate 

reference spectrum.
48

  

 A total of 73 particles were analyzed by Pyr-GC/MS, where 68 were from surface 

water samples and 5 were from flocculent sediment.  The most common polymer 

observed in surface waters was PVC (11 particles), followed by PP (9), PE (8), and PET 

(7).  Other observed polymers include CPE (4), PS (2), PDMS (1), and didecyl phthalate 

plasticizer resin (1).  Of the 5 particles analyzed from flocculent sediments, PVC was also 

the most common polymer observed (2), followed by PET (1), and the other 2 particles 

analyzed had no discernible response (2).  Cotton was commonly analyzed among the 

particles isolated from the supernatants of surface water samples from dock harbor (site 

C, 8/15/16) and center bay (site L, 9/30/16), as cotton was frequently misidentified as 

plastic prior to the introduction of the melt test.  Cotton was analyzed in one instance 

after the introduction of the melt test; this particle was suspected to have entered the 

sample’s GC vial ambiently, rather than through misidentification during microscopy.   A 

total of 14 particles displayed little or no signal and 3 particles could not be confidently 

assigned single polymer identification (see Figure X).    

A paint chip from the R/V Blue Heron was analyzed by Pyr-GC/MS to assess 

polymer composition and to determine if such paint chips may have been part of the 

samples collected using that research vessel.  The resulting pyrogram was reminiscent of 
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PVC, particularly in that the same VOC and PAH pyrolytic products were formed and 

naphthalene was the dominant pyrolytic product formed in split mode.  It is unlikely that 

Blue Heron paint chips were isolated from samples during microscopy, as the paint chips 

did not melt via a hot-needle test and were visually obvious.  Regardless, this raises the 

issue of potential quantitative bias high of microplastic abundances and incorrect polymer 

identification via the introduction of paint-related particles during sampling.  While Pyr-

GC/MS is heralded for its in-depth characterization of polymeric materials,
8,61

 here, the 

potential for incorrect identification microplastic polymers has been demonstrated by 

analyzing plastic-related particles.  Future studies must fully investigate sampling 

regimes and sample processing protocols for potential sources of microplastic-like or 

related contaminants with similar chemical structures and assess these potential source 

materials to avoid incorrect identification of microplastic particles. 

Qualitative analysis by ATR-FTIR largely confirmed identifications made from 

Pyr-GC/MS data.  Characteristic band regions included aromatic C-H stretching between 

3,000-3,100 cm
-1

, aliphatic C-H stretching between 2,800-3,000 cm
-1

, carbonyl C=O 

stretching around 1,720 cm
-1

, CH2
 
rocking between 1,325-1,475 cm

-1
, and various 

fingerprint bands under 1,325 cm
-1

.
8,54

 Due to the similar FTIR bands in PVC and PP 

spectra, results from pyrograms were used by default to assign a polymer composition in 

these cases; past investigations using FTIR have expressed the difficulty in discerning 

PVC from other polymers, especially when additives are prevalent.
62

 While a PDMS 

standard was not analyzed, the single particle identified as PDMS had aliphatic bands 

(2,962 and 2,903 cm
-1

)
8
 and a large peak at 1,008 cm

-1
 attributed to silica based 

functional groups within its polymeric structure.
63

  In some instances, non-PET identified 
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microplastic particles had bands between 1700-1750 cm
-1

, indicative of polymer 

oxidation.
27

 See Appendix Figures XXX-XXXV and Tables XIII-XVIII. 

 In total, 19 particles analyzed by Pyr-GC/MS were also analyzed by ATR-FTIR.  

All particles analyzed by ATR-FTIR are from surface waters, as particles isolated from 

sediment were too small to analyze and recover for Pyr-GC/MS analysis.  By ATR-FTIR, 

the most frequently observed polymer was PE (8, although 3 of these particles had 

pyrograms that suggest the particle was not entirely comprised of PE), followed by PET 

(4, with 1 pyrogram that suggested the particle was not solely PET), PVC (3), PP (2), and 

then PS (1) and PDMS (1).  

In 3 instances, the pyrograms of particles were reminiscent of PVC or CPE, while 

the corresponding IR spectrum resembled PE; the speculated cause for this inconsistency 

between qualitative analysis techniques has been attributed to heterogeneous chlorine 

content common in the chlorination of PE and PVC.
64

  Similarly, a particle was identified 

by ATR-FTIR as PET, while the pyrogram had pyrolytic products attributed to cotton and 

PET.  While the particles were identified based on their pyrograms, as the primary 

qualitative analysis technique (due to smaller particle mass required for analysis by Pyr-

GC/MS), the inconsistency in polymer identification by different analytical techniques 

suggests that particles found in the environment may contain copolymers, making the 

determination of polymer composition more difficult.
8
  Given the broad number of 

possibilities of plastic polymers, co-polymers, and additives
8,36

, in addition to natural 

processes that can alter particle composition (photo-oxidation and biodegradation)
8
, 

accurate identification of microplastics continues to pose a challenge in assessing 

microplastic pollution.  Thus for environmental work,   the methods should be optimized 
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for distinguishing polymers with greater certainty.  For Pyr-GC/MS, pyrograms should 

yield several pyrolytic products unique to single polymer in appreciable abundances; 

relying on the greatest abundance of a single pyrolytic product will not provide sufficient 

identification.  Likewise, IR methods should be optimized to best distinguish between 

various polymers and the presence of co-polymers and additives. 

In relating morphological categories to polymers identified, most fibrous particles 

analyzed (9) had low/no discernible signals, attributed to the tendency of fibrous particles  

to be low in mass.  When fibers did yield significant enough numbers and abundances of 

pyrolytic products that could be used for identification, fibrous particles were primarily 

identified as PET (7), with lesser instances of PP (2), PVC (1), and uncertain 

interpretations (1).  Fragments were primarily PVC (6), PP (5), or had low/no signals (5); 

in lower quantities, fragments were identified as PE (1), didecyl phthalate resin (1), or 

had uncertain interpretations (1). Film particles were found to represent a range of 

different polymers, including PVC (6), PP (2), PE (6), CPE (4), and PDMS (1).  Of the 3 

bead particles analyzed, 2 were interpreted as PE and PS, while 1 had an uncertain 

interpretation, but appeared to be PE related.  The only foam analyzed was found to be 

PS.  See Figure XI. 

 Fibrous particles were thought to have originated mainly from synthetic textile 

materials due to their frequent identification as PET.
4
  The frequency of chlorinated 

polymers PVC and CPE in a variety of morphological categories reflected the utility of 

chlorinated polymers given their impact strength
64

; polyvinylchloride in particular is 

often used as a structural component, making it versatile for a variety of construction 

applications.
4,5

  The common use of PE for food packaging and bags was the suspected 
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cause for the prevalence of films existing as PE.
5
  While PP was primarily found to exist 

primarily as fragments, due to the diversity in the use of PP (food packaging, car parts, 

etc.), 
4,5,25

  it was difficult to discern original sources or applications of the particles 

analyzed.   The only foam particle analyzed was likely a secondary microplastic particle 

of polystyrene foam,  a form of expanded PS typically used as packaging.
4,5

  

 The winter analysis of microplastics in a small lake near Lake Superior provides 

further insight into the relationship between particle morphology and source. In this 

sampling, a total of 37 particles were isolated from the snow sample, 34 from the ice 

sample, and 0 from the sub-ice water sample; thus, concentrations were calculated as 9.5 

particles/L, 3.1 particles/L, and 0 particles/L, respectively.  Fibers were the most common 

particles isolated from snow (30) and ice (29) samples, followed by fragments (6 and 5, 

respectively), and 1 film in snow.  For the snow sample, a number of fibers (15) were 

thought to have been contamination from a sampler’s gloves based upon visually similar 

color and morphology to fibers pulled from these gloves; correcting for these speculated 

fiber contaminants, a corrected concentration of 5.6 particles/L was calculated.  Given the 

prevalence of fibers in these sample matrices, atmospheric deposition was thought to be 

the most likely sources of microplastic particles to Barr’s Lake.
5
  As a result of no 

particles isolated from sub-ice water, microplastic particles present in Barr’s Lake were 

thought to have been concentrated and incorporated into ice upon formation, similar to 

microplastic pollution observed in arctic sea ice.
65

  Winter-related matrices should be 

further investigated to assess the fate and sinks of microplastic particles in the 

environment during winter seasons.  See Figure XII. 
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Conclusions 

An average corrected microplastic abundance of 39,000 particles•km
-2

 was 

observed for western Lake Superior.  Significantly greater microplastic abundances (p-

value = 6.5x10
-4

)  observed in this study relative to Lake Superior’s eastern basin
26

 are 

likely due to local land use differences.  Where eastern basin concentrations were 

reported
26

, near-by land use is heavily forested
66

, in contrast to the  Duluth, MN/Superior, 

WI  area, the most populated part of the Lake Superior watershed, and deemed a heavy 

stress area in Lake Superior.
26,40–43

   Methodology differences may have also resulted in 

significantly greater concentrations observed in western Lake Superior, including: tow 

length/duration, sample processing, microplastic particle identification techniques, and 

microscopic counting regime.
26

 Based upon the high frequency of fibers in surface water 

samples, especially at offshore sites, it has been speculated that atmospheric inputs join 

effluent and riverine inflows, and runoff from surrounding land, as  a significant source 

of microplastic particles into Lake Superior
5,23

, and, in fact, may dominate the inputs at 

open-lake locations   

While some improvements in quantifying microplastic pollution have been 

introduced here, particularly for using visual microscopy, further research and efforts to 

standardize and improve methodology are necessary.   Future studies need to further 

optimize methods for assessing microplastic particle contamination of samples during 

collection and processing.  The magnitude of potential contamination of microplastic 

particles relative to the low numbers of microplastics collected in sediment samples was 

very large in this investigation.  Future sediment sampling methodologies should obtain 

substantial quantities of sediment representing larger areas and masses of sediment to 
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avoid concentrations that are biased due to the small sediment surface area currently 

accessible via multi-corer.   Analogous to the famous investigation into the age of the 

Earth by Patterson, et al., 1955, “super-clean” laboratories could be used to better control 

for the ambient contamination of microplastic particles.
67

 

Future investigations should also focus on how physical limnological and 

oceanographic processes affect microplastic particle fate.  By further understanding how 

microplastic particles are transported and more effectively locating sinks of microplastic 

pollution, improved sampling regimes and quantitative assessments of microplastic 

pollution can be obtained.  Despite the common perception that polymers more dense 

than water should sink quickly after entering aquatic systems, PVC and PET were both 

observed in surface water samples, including those from off-shore sites like the Western 

Mooring (site G) and were isolated from the supernatants of density separation solutions 

(~1.15 g/ml).
10

  These observations reinforce the argument that polymer density alone is 

not the most significant control on microplastic particle fate.
19,39

   Instead, it is likely that 

microplastic incorporation into copolymeric materials and into aggregates of varying, 

overall densities may play a major role in microplastic distributions within the aquatic 

environment.   

The distribution and fate of microplastic particles in Lake Superior may be subject 

to certain physical processes more commonly observed in marine environments rather 

than the typical, smaller inland lakes. In Lake Superior, shoreline sites had the lowest 

concentrations on average, while offshore open-water sites had higher concentrations, 

similar to microplastic distributions in the western Atlantic ocean as reported by Law, et 

al., 2010.
39

 The western mooring’s surface water microplastic abundance (site G, 
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9/30/17), was the 3
rd

 most concentrated of all sites (54,000 particles•km
-2

 after 

corrections).   Elevated offshore concentrations suggest that microplastic pollution may 

have been mobilized by surface currents and concentrated in current convergence zones.  

Similarly to Law, et al., 2010, microplastic pollution observed at the western mooring 

may be trapped by gyre-like surface currents, with microplastic levels reflecting surface 

current patterns inherent within Lake Superior.
39

 An additional factor, as yet not 

quantified,  is the amount of atmospheric deposition of microplastics at various sites in 

the lake;  the prevalence of fibers at site G indicates that atmospheric deposition was 

important.. 

 Studies with similar goals to those in Kim, et al., 2015 (i.e., assessing mass loads 

of plastic into aquatic environments and discerning the locations of plastic pollution 

sinks) should be performed in the Laurentian Great Lakes.
68

 While concentrations 

reported here and in similar works provide insight to the relative magnitude of 

microplastic pollution in specific sites of aquatic systems, these concentrations represent 

only snapshots of microplastic abundance.  The large variances in concentration seen at 

sites visited more than once suggest that both long-term, passive monitoring of 

microplastic pollution and more detailed time-scale-specific investigations (such as 

diurnal and seasonal sampling) may provide more insight to the extent and duration of 

microplastic pollution for specific areas of aquatic systems.
68
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Tables: 

 

 
Table I: Reference polymers and their respective densities. Data from Driedger, et al., 2015. 
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Table II Sample sites, labels, and coordinates. 
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Table III: Morphological categories and their respective definitions. 
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 Table IV: Frequency of particles by morphology at all surface water sites.  Fibers were the most commonly observed particles, 

followed by fragments, and then films.  Beads/spheres, foams, and others observed in lesser quantities.*Denotes concentrations 

that may be biased due microscopic exams conducted before the introduction of a melt test.  **Denotes concentration that may 

be biased high due to inconsistent melt test applied. 
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Table V: Surface water sites with number microplastic particles collected, number of particles used in characterization, tow 

length, areal concentrations, and particles collected from sampling ambient control samples, corrected number of particles 

collected, and corrected areal concentrations.  *Denotes concentrations that may be biased due microscopic exams conducted 

before the introduction of a melt test.  **Denotes concentration that may be biased high due to inconsistent melt test applied. 
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Table VI: Sediment sites with number microplastic particles collected, number of particles used in characterization, area of 

sediment encompassed/number of cores used, areal concentrations, and particles collected from sampling and sample 

processing ambient control samples. 
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Table VII: Recoveries by mass and by count for each standard polymer used in method testing; Rep 1 and Rep 2 refer to 

replicate separation tests.  Mass recoveries primarily were dictated by density, where lower density polymers PE and PS 

exhibited greater recoveries and heavier polymers PET and PVC exhibited moderate and low recoveries.  While PP is a lower 

density polymer, moderate mass recoveries were observed; this was attributed to the standard being manually ground and loss 

of particles smaller than the 180μm nylon filter.  Counts largely reflected trends observed in mass recoveries, but with greater 

recoveries for PP and PET and less recoveries for PS. 
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Table VIII: Density separation efficiency upon the number of microplastic particles isolated from supernatants and pellets of 

surface water samples.  Sites C (Dock harbor, 8/15/17) and L (center bay, 9/30/17) were not included here due to prevalent 

cotton misidentification, and therefore, efficiency could not be confidently established for these samples.  A mean 77% 

recovery implied that the use of NaCl for density separation and isolation of microplastic particles from surface waters is fairly 

effective, but should only be used for work where highly accurate and precise data is sought after. 
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Figures:  

 

 

Figure I: Sample site map with defined regions.  Image obtained via Google Maps© 2016 data. 
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Figure II: Examples of morphological categories observed during microscopic examinations. 
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Figure III:  Pyr-GC/MS method flow-chart 
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Figure IV: Particle morphology by percent of total particles collected for each surface water site.  Regions established in 

Figure 1 are labeled accordingly.  Dominant morphology varied between fibers, fragments, and films depending on the sample 

site.  The frequency of fibers throughout sample sites suggested that atmospheric deposition and greywater/wastewater 

effluents are significant sources of microplastic particle in Lake Superior.  Films and fragments, typically secondary 

microplastic particles, were likely transported via land run-off, effluents, and riverine inputs. 
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Figure V: Number of particles observed by morphology for flocculent sediment samples and average particle frequency for 

sampling ambient control samples and for method blanks. Error bars on each column for the ambient control samples and 

method blanks represent the maximum number of particles observed for the respective morphological category.  Due to the 

extent of particles ambiently contaminating controls and method blanks, only 1 flocculent sediment concentration, Western 

Mooring, could be reported with confidence after corrections were applied (1,000 particles•m
-2

). 
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Figure VI: Number of particles observed by morphology for 0-2 cm consolidated sediment samples and average particle 

frequency for sampling ambient control samples and for sample processing ambient control samples. Error bars on each 

column for the ambient control samples and method blanks represent the maximum number of particles observed for the 

respective morphological category. Due to the extent of contamination in sampling ambient control samples and method 

blanks, none of the 0-2 cm consolidated sediment concentrations could be reported with confidence after corrections.
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Figure VII: Map of surface water sample sites with uncorrected areal concentrations (particles•km
-2

).  *Denotes concentrations 

that may be biased due microscopic exams conducted before the introduction of a melt test.  **Denotes concentration that may 

be biased high due to inconsistent melt test applied. 

 



56 
 

 

Figure VIII: Map of surface water sample sites with corrected areal concentrations (particles•km
-2

).  *Denotes concentrations 

that may be biased due microscopic exams conducted before the introduction of a melt test.  **Denotes concentration that may 

be biased high due to inconsistent melt test applied. 
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Figure IX: Comparison between the current study, microplastic studies regarding the Laurentian Great Lakes, marine systems, 

and other inland lake systems.  The large bars represent average areal concentrations, while error bars represent minimum and 

maximum areal concentrations (all in particles•km
-2

). 
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Figure X: Frequency of particles identified as various polymers at each analyzed surface water site as determined by Pyr-

GC/MS. In descending order of most frequently observed plastic polymers: PVC (13), PP (9), PE (8), PET (7), CPE (4),  PS 

(2), PDMS (1), and didecyl phthalate resin (1).  Cotton fibers were commonly misidentified in samples prior to the 

introduction of the melt test (11).   Particles with no or low signals (14) were frequently observed; these particles were 

typically fibers or fragments.  In 3 instances, pyrograms could not be interpreted with certainty.        
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Figure XI: Frequency of particles identified as various polymers by morphological categories.  Low or no 

discernible signals were common, particularly when analyzing fibrous particles.  Fibrous particles, when yielded 

discernible signals, tended to be PET, with lesser quantities of PP, PVC, and an uncertain interpretation in one 

instance.   Fragments and films were composed of a variety of different polymers.  Fragments were most 

commonly composed of PVC and PP, while films were typically PVC and PE.   
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Figure XII: Particle morphology by percent of total particles collected for snow and ice sample from Barr’s Lake.  Fibers were 

the most common particles isolated from all samples where microplastic particles were present (snow: 30, ice: 29).  For the 

snow sample, 15 of the fibers included here were suspected to have originated from sampler gloves.  Fragments (6 and 5, 

respectively) were observed in lesser quantities, as well as a film particle for the snow sample. Similarly to Lake Superior, the 

prevalence of fibers suggested that atmospheric deposition and greywater/wastewater were more significant sources of 

microplastics to Barr’s Lake.  
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Appendix: 

 

Table I: Particles isolated from sampling ambient control samples.  Total number of microplastic particles isolated ranged from 

0-12.  Fragments were most commonly observed (26), followed by fibers (9), and films (4).  Fragments were particularly 

prevalent in ambient controls of Duluth Outskirts (9/28/16) and Port Wing (9/30/16).  The average number isolated from 

sampling ambient control samples (2.6) was used in conjunction with the average number isolated from method blanks (2.5) 

for creating an MDL of 5 particles.  
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Table II: Particles isolated from surface water sample processing ambient control samples.  Total number of microplastic 

particles isolated ranged from 0-20.  Fragments were most commonly observed (49), followed by fibers (43), others (5), and 

films (3).  Fragments were particularly prevalent in ambient controls of Two Harbors and Port Wing (9/30/16).   
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Table III: Particles isolated from flocculent sediment sample processing ambient controls.  Total number of microplastic 

particles isolated ranged from 0-6.  Fragments (5) and fibers (4) were the only morphological categories observed. 

 



64 
 

 

Table IV: Particles isolated from flocculent sediment sample processing ambient controls.  Total number of microplastic 

particles isolated ranged from 1-5.  Fragments (4) and fibers (4) were most commonly observed, with an instance of a film 

isolated from an ambient control sample. 
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Figure I: Pyrogram of PE identified particle with pyrolytic products numerically labeled.  Pyrolysis of PE yielded triplet peaks, 

where the first peak corresponded with terminal alkyldienes, followed by a terminal alkene, and an alkane of the same carbon 

chain length. Groups of peaks increased 1 carbon in chain length with each successive peak over time.   Resolution faded between 

peaks in triplet over time, favoring formation of the alkene.  Labels correspond with table below. 

 

Table V: Pyrolytic products of PE with retention times and parent m/z’s. 
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Figure II: Mass spectra of PE pyrolytic product 1,17-octadecadiene.   Alkyldienes were the first peaks in triplets of PE 

pyrograms.  Parent m/z of 250.  Image of structure from www.chemspider.com 

 

 

http://www.chemspider.com/
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Figure III: Mass spectra of PE pyrolytic product 1-octadecene.   Alkenes were the middle peaks in triplets of PE pyrograms.  

Parent m/z of 252. Image of structure from www.chemspider.com 

 

http://www.chemspider.com/


68 
 

 

Figure IV: Mass spectra of PE pyrolytic product octadecane.   Alkanes were the last peaks in triplets of PE pyrograms.  Parent 

m/z of 254.  Image of structure from www.chemspider.com 

 

 

http://www.chemspider.com/
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Figure V: Pyrogram of PP identified particle with pyrolytic products numerically labeled.  The dominant pyrolytic product of PP was 

2,4-dimethylheptene.  Subsequent groups of peak 2 or 3 roughly formed a pattern, where the first peak alternated in having either 1 

carbon longer in chain length or methylation of the second to last carbon.  The other peaks were stereoisomers of the first peak.  Labels 

correspond with table below. 

 

Table VI: Pyrolytic products of PP with retention times and parent m/z’s. 
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Figure VI: Mass spectra of PP pyrolytic product 2,4-dimethylheptene, the dominant pyrolytic product of PP.  Parent m/z of 

126.  Image of structure from www.chemspider.com 

http://www.chemspider.com/
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Figure VII: Mass spectra of PP pyrolytic product 2,4,6-trimethylnonene.  Parent m/z of 168.  Image of structure from 

www.chemspider.com. 

http://www.chemspider.com/
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Figure VIII: Mass spectra of PP pyrolytic product 2,4,6,8-tetramethylundecene.  Parent m/z of 210.  Image of structure from 

www.chemspider.com. 

 

http://www.chemspider.com/
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Figure IX: Pyrogram of PS identified particle with pyrolytic products numerically labeled.  The dominant pyrolytic product was styrene, 

the monomer.  Other pyrolytic products include various VOCs and PAHs.  Labels correspond with table below. 

 

Table VII: Pyrolytic products of PS with retention times and parent m/z’s. 
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Figure X: Mass spectra of PS pyrolytic product styrene.  Styrene was the dominant pyrolytic product of PS.  Parent m/z of 104.  

Image of structure from www.chemspider.com. 

http://www.chemspider.com/
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Figure XI: Mass spectra of PS pyrolytic product bibenzyl.  Bibenzyl was a minor pyrolytic product of PS.  Parent m/z of 182.  

Image of structure from www.chemspider.com. 

 

http://www.chemspider.com/
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Figure XII: Pyrogram of PVC identified particle with pyrolytic products numerically labeled.  Benzene was the dominant 

pyrolytic in splitless mode and naphthalene was in split mode.  Other pyrolytic products include various VOCs and PAHs.  Labels 

correspond with table below. 
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Table VIII: Pyrolytic products of PVC with retention times and parent m/z’s. 

 

Figure XIII: Mass spectra of PVC pyrolytic product benzene.  Benzene was the dominant pyrolytic product of PVC in splitless 

mode.  Parent m/z of 78.  Image of structure from www.chemspider.com. 

http://www.chemspider.com/
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Figure XIV: Mass spectra of PVC pyrolytic product naphthalene.  Naphthalene was the dominant pyrolytic product of PVC in 

split mode.  Parent m/z of 128.  Image of structure from www.chemspider.com. 

 

http://www.chemspider.com/
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Figure XV: Mass spectra of PVC pyrolytic product methylnaphthalene.  Methylaphthalenes were minor pyrolytic products of 

PVC.  Parent m/z of 142.  Image of structure from www.chemspider.com. 

 

http://www.chemspider.com/
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Figure XVI: Pyrogram of PET identified particle with pyrolytic products numerically labeled.  Biphenyl was the 

dominant pyrolytic product.  Other pyrolytic products include various VOCs and PAHs. Labels correspond with table below. 

 

Table IX: Pyrolytic products of PET with retention times and parent m/z’s. 
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Figure XVII: Mass spectra of PET pyrolytic product acetophenone.  Acetophenone was a minor pyrolytic product of PET.  

Parent m/z of 120.  Image of structure from www.chemspider.com. 

 

http://www.chemspider.com/
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Figure XVIII: Mass spectra of PET pyrolytic product biphenyl.  Biphenyl was the dominant pyrolytic product of PET.  Parent 

m/z of 154.  Image of structure from www.chemspider.com. 

http://www.chemspider.com/
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 Figure XIX: Mass spectra of PET pyrolytic product methylbiphenyl.  Methylbiphenyl was a minor pyrolytic product of PET.  

Parent m/z of 168.  Image of structure from www.chemspider.com. 

 

 

http://www.chemspider.com/
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Figure XX: Pyrogram of CPE identified particle with pyrolytic products numerically labeled.  A number of pyrolytic 

products were similar to those of PS, PVC, and PET (VOCs and PAHs) as well as aliphatic hydrocarbons similar to PE.  Labels 

correspond with table below. 

 

Table X: Pyrolytic products of CPE with retention times and parent m/z’s. 
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Figure XXI: Mass spectra of CPE pyrolytic product 1-tridecene.  1-tridecene is an example of an aliphatic pyrolytic product of 

CPE.  Parent m/z of 168.  Image of structure from www.chemspider.com. 

http://www.chemspider.com/
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Figure XXII: Mass spectra of CPE pyrolytic product phenanthrene.  Phenanthrene is an example of a PAH pyrolytic product of 

CPE (also seen in PVC, PS, and PET).  Parent m/z of 168.  Image of structure from www.chemspider.com. 

 

http://www.chemspider.com/
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Figure XXIII: Pyrogram of didecyl phthalate resin identified particle with pyrolytic products numerically labeled.  Labels 

correspond with table below. 

 



88 
 

Table XI: Pyrolytic products of didecyl phthalate resin with retention times and parent m/z’s. 

 

Figure XXIV: Mass spectra of didecyl phthalate resin pyrolytic product phthaltic anhydride.  Parent m/z of 148.  Image of 

structure from www.chemspider.com. 

 

http://www.chemspider.com/
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Figure XXV: Mass spectra of didecyl phthalate resin pyrolytic product diethyl phthalate.  Parent m/z of 222.  Image of 

structure from www.chemspider.com. 

 

http://www.chemspider.com/
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Figure XXVI: Mass spectra of didecyl phthalate resin pyrolytic product didecyl phthalate.  Parent m/z of  446.  Image of 

structure from www.chemspider.com. 

http://www.chemspider.com/
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Figure XXVII: Pyrogram of PDMS identified particle with pyrolytic products numerically labeled.  Labels correspond 

with table below. 

 

Table XII: Pyrolytic products of PDMS with retention times and parent m/z’s 
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Figure XXVIII: Mass spectra of PDMS pyrolytic product hexamethylcyclotrisiloxane.  Parent m/z of  222.  Image of structure from 

www.chemspider.com. 

http://www.chemspider.com/
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Figure XXIX: Mass spectra of PDMS pyrolytic product octamethylcyclotetrasiloxane.  Parent m/z of  296.  Image of structure from 

www.chemspider.com. 

 

http://www.chemspider.com/
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Figure XXX: Infrared spectrum of a PE identified particle.  Wavenumbers labeled above are interpreted on the table 

below. 

 

 
Table XIII: Band wavenumber and vibration interpretations in PE spectrum above. 

 

1720 
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Figure XXXI: Infrared spectrum of a PP identified particle.  Wavenumbers labeled above are interpreted on the table 

below. 

 
Table XIV: Band wavenumber and vibration interpretations in PP spectrum above. 
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Figure XXXII: Infrared spectrum of a PS identified particle.  Wavenumbers labeled above are interpreted on the table 

below. 

 
Table XV: Band wavenumber and vibration interpretations in PS spectrum above. 
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Figure XXXIII: Infrared spectrum of a PVC identified particle.  Wavenumbers labeled above are interpreted on the 

table below. 

 

Table XVI: Band wavenumber and vibration interpretations in PVC spectrum above. 
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Figure XXXIV: Infrared spectrum of a PET identified particle.  Wavenumbers labeled above are interpreted on the 

table below. 

 

Table XVII: Band wavenumber and vibration interpretations in PET spectrum above. 
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Figure XXXV: Infrared spectrum of a PDMS identified particle.  Wavenumbers labeled above are interpreted on the 

table below. 

 

Table XVIII: Band wavenumber and vibration interpretations in PDMS spectrum above. 


