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MATERIALS AND METHODS 

Collection of environmental samples 
 

This study was designed to show the environmental pathways of indigo denim 

fibers, as an example of anthropogenic cellulose (AC) fibers, from sources to fate in the 

environment. The study involved the use of some intentional (e.g., wastewater 

treatment plant or WWTP) and some opportunistically collected samples (e.g., Great 

Lakes sediments). The samples were selected for sites proximal to sources (suburban 

areas around Toronto, Canada) and those that are remote (Arctic sites). The 

opportunistic samples were collected as a part of separate, larger research programs 

investigating different contaminants, e.g., samples from the Great Lakes, Arctic. The 

study designs of these larger research programs dictated the number of replicates (e.g., 

10 fish per site, because other samples were used for chemical analysis), geographic 

locations, collection timing, etc. 

Single surface sediment (top 2-3 cm) samples from four suburban shallow lakes 

in the Greater Toronto Area (Figure S2) were collected between July and October 2018 

from a canoe using an Ekman dredge (15 cm3) at the deepest point of the lake bed. 

Sediment was transferred using a pre-cleaned metal scoop into a pre-cleaned glass jar. 

Jars containing sediment were stored at 4 ºC until analysis. Details on site specific 

information can be found in Table S1. 

Surface sediment (top 3 cm) samples were collected from each of five nearshore 

sites in Lake Ontario in summer 2018, and three nearshore sites in Lake Huron in 

summer 2015 (Figure S2) by the Ontario Ministry of the Environment, Conservation, 

and Parks (MECP) Great Lakes Nearshore Monitoring Program. Sediments were 

collected using a Shipek grab sampler according to methods described by Ballent et al. 
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(2016).1 Site-specific details can be found in Table S1. Triplicate surface sediment 

grabs at each location were transferred using a pre-cleaned metal spoon to a metal 

tray, where triplicate samples were homogenized and then transferred to a glass jar for 

a single composite sample representative of each site in the two lakes. Samples were 

frozen (-20 ºC) until analysis. 

Marine sediments were collected from 14 sites across the Canadian Arctic 

Archipelago (CAA) (Figure S2) during the summer (May to September) aboard the 

CCGS Amundsen in 2014, 2015, and 2017. Methods for Arctic sediment collection and 

sample processing are described by Adams et al.2 (Table S1). Single surface sediment 

samples were collected using a Reineck-type spade-foot corer (0.25 m2). Single 

replicate surface sediments from the core were then transferred to pre-cleaned glass 

jars using pre-cleaned stainless-steel scoops and stored frozen (-20 ºC) until the time of 

analysis. 

Sediment quantities were not sufficient to perform any kind of dating technique. 
 
Additionally, sediment accumulation rates in Arctic ocean contexts are slow and 

radiometric dating techniques are often ineffective in these contexts. Currently, the 

influx of microplastic particles (mass per unit time) are not available in the literature for 

these sedimentary contexts. However, a small number of studies report on them for 

well-dated lake sediment records where high rates of sediment accumulation permit the 

application of radioisotope dating.3,4 

Rainbow smelt (Osmerus mordax) were collected in 2017 by Environment and 

Climate Change Canada from two sites in Lake Ontario and two sites in Lake Huron 

(Figure S2). Fish were held for up to 24-h in gill nets prior to retrieval by study 
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personnel. Each fish was placed in a glass jar and frozen in the field. Fish were kept at -

20 ºC and were transported to the laboratory where they were dissected and processed 

for their gut content. 

Triplicate (24-h composite) samples (2.2±0.5 L) of final effluent were collected in 

4-L amber pre-cleaned glass jars using peristaltic pumps from two conventional 

secondary WWTPs (WWTP I and WWTP II) in southwestern Ontario. Sample collection 

took place over three consecutive days at both plants in October 2018 and July 2019. 

Samples were collected immediately following secondary clarification and prior to 

chlorination/dechlorination. Samples collected at this point were deemed representative 

of final effluent for the purposes of this study. WWTP I serves a population of 686,000 

people and discharges final effluent directly into Lake Ontario, whereas WWTP II, which 

serves 55,000 people, discharges to the Don River reaching Lake Ontario shortly 

thereafter. 

Enumeration of microfibers 
 

Anthropogenic particles, including microfibers, were processed in sediment 

samples using density separation. First, wet sediments were oven dried at 55°C to 

obtain dry mass. Dried sediments were wet sieved using 500-µm and 20-µm sieves 

using reverse osmosis (RO) water. Sediments were washed once in the sieve with a 

solution of 1.4 g cm-3 calcium chloride (CaCl2) to remove residual water from the 

samples. Sediments were then rinsed into glass beakers using the CaCl2 solution, 

stirred vigorously for two minutes with a stainless-steel spoon, and allowed to settle for 

two hours. Following the first density separation, the less dense portion of the samples 

was poured from beakers into separatory funnels and shaken vigorously for two 
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minutes. The samples were then allowed to settle for 24 hours. Following the second 

density separation, the denser portion of the samples was drained from the separatory 

funnels, and the less dense portion was rinsed through a series of stacked sieves (>500 

µm, 355-500 µm, 125-355 µm, and 20-125 µm) with RO water to remove all CaCl2. Only 

particles found on >125 µm sieves were analyzed. Particles in the smallest size fraction 

(20-125 µm) were found to be too difficult to manipulate reliably and reproducibly by 

hand. Although automated systems are now available for spectral analysis of particles5, 

this technology has not been shown to reliably detect and analyse microfibers.6 

Rainbow smelt digestive tracts were removed and digested whole in a 4 M 

potassium hydroxide (KOH) solution at 25°C for 14 days.7 After digestion, each sample 

was rinsed with RO water onto a 45-µm sieve and then anthropogenic particles were 

concentrated onto a Whatman Nucleopore Membrane (pore size 10 µm) 47-mm 

polycarbonate (PC) filter. 

WWTP effluent was processed according to methods described in Grbić, et al. 

(2020).8 WWTP effluent was filtered onto Whatman Nuclepore Membrane (pore size 10 

µm) 142-mm PC filters and stored at room temperature until analysis. Filters were 

sonicated for 1 h in RO water to transfer particles from each filter to a 1-L glass jar 

containing RO water prior to sieving. RO water containing particles was then poured 

through a clean 25-µm sieve. The contents of the sieve were transferred to a clean 

separatory funnel using a solution of 1.4 g cm-3 CaCl2. The separatory funnel was left for 

72 h to allow for the separation of microplastics and other organic materials present in 

the effluent. After the 72-h density separation period, the very bottom layer of the CaCl2 

solution was removed and the remaining solution was filtered through two stacked 
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sieves (25 µm and 125 µm). The contents of each sieve were transferred to a glass 

filtration funnel and vacuum filtered onto a 47-mm (pore size 10 µm) PC filter. Only the 

>125 µm size fraction was analysed for this study. 
 
Blue Jean Washing Trials 

 
Individual pairs of 501 Original Fit Women’s Jeans size 29x30 (Levi Strauss & 

Co.) (98-100% cotton) were used in the study. Different styles and ages of jeans were 

tested: (i) new non-distressed (n = 2), (ii) used non-distressed (n = 3) and (iii) new 

distressed jeans (n = 3). Due to an error in the washing machine program while washing 

of the third replicate of the new non-distressed jeans, we were unable to collect wash 

water effluent. Therefore, a third replicate was not included in analysis of the new non- 

distressed treatment group. Used jeans were pairs of previously worn jeans purchased 

from the online thrift shop, ThredUp. The condition of each pair of used jeans was 

assessed by study personnel to ensure that all replicates were comparable in wear. 

New pairs of distressed and non-distressed jeans were purchased directly from Levi 

Strauss & Co. On average, the pairs weighed 450±48 g denim (mean±SD). Individual 

pairs of blue jeans underwent a single detergent-free wash cycle in 25.00.33 L of water 

at 16 C for 25 mins using an SDL Atlas M6 Vortex programmable washing machine 

(SDL Atlas, Ontario, Canada). Three empty cycles were run prior to washing each pair 

of jeans to remove any residual microfibers and to prevent cross contamination. After 

the wash cycle containing a single pair of jeans was completed, wash water effluent 

was collected in a 30-L pre-cleaned stainless-steel stockpot. Five 50-mL aliquots were 

collected from the stockpot of wash water effluent. Collection and subsampling of wash 

water effluent were conducted using the method described by McIlwraith, et al. (2018).9 
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To ensure subsamples were representative of wash water, effluent was mixed prior to 

collecting the five 50-mL aliquots. Subsamples were filtered onto a 47-mm (10 µm pore- 

size) polycarbonate (PC) filter. Filters were imaged using a Leica M80 stereo 

microscope. Images were then processed using ImageJ software.10 

We used a wash cycle length of 25 mins and temperature of 16°C, which is 

representative of average washing conditions used in North American households. 

Sillanpää and Sainio11 used a more vigorous wash cycle of 75 mins and temperature of 

40°C, presumably representative of average European wash conditions, but which 

could increase the shed rate relative to cooler wash water and a shorter wash cycle.12 

We did not use detergent in our study. There is currently no scientific consensus of the 

influence of detergent on microfiber release.13–18 

Physical and Chemical Identification of Microfibers 
 

Microfibers were analyzed using a micro-Raman spectrometer (HORIBA Raman 

Xplora Plus). Chemical identification with Raman was done in LabSpec6 software using 

a 785 nm (range 50 – 2000 cm-1) or 532 nm (range 50 – 4000 cm-1) laser and 100x 

microscope objective. Ranges for filter, confocal hole and slit diameters, gratings, 

acquisition time, accumulations, delay time, and laser excitation can be found in Table 

S2. Instrument parameters varied with each analysis performed because of common 

issues encountered with the analysis of environmental microfibers (e.g., fluorescence, 

low peak intensity). Analysis was performed two to three times at different locations on 

the same microfiber to confirm identification. 

Spectra were matched to standard materials catalogued in the spectral 

databases of both the Bio-Rad KnowItAll Spectral Library (e.g., Bio-Rad Sadtler, 
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HORIBA Scientific and Wiley databases) and the Spectral Library of Plastic Particles 

(SLoPP and SLoPP-E).19 We did not set a specific criterion for the hit quality index 

(HQI), although this is common in microplastic analysis. Peak intensities can differ with 

different instrument conditions (e.g., laser excitation) used to analyze the samples and 

those used to analyze reference materials, ultimately affecting HQI.20 Therefore, while 

HQI was taken into consideration, the best quality match was visually determined based 

on intensity and alignment of peaks compared to standard spectra. We also used the 

SLoPP and SLoPP-E libraries, which were developed on the instrument that was used 

to analyze environmental samples19 in an effort to improve library matching. 

We chose to spectroscopically analyze a subset of microfibers due to the large 

number of microfibers enumerated from environmental samples and time 

considerations. All microfibers were first categorized based on color: black, blue, brown, 

clear, clear-blue, clear-red, green, grey, orange, pink, purple, red, white and yellow. 

Clear-blue and clear-red microfibers were separated from blue and red groups, 

respectively, in order to conduct spectral analyses on both the clear portion (likely the 

underlying polymer) and the colored portion (likely a dye). This was useful for cases 

were the weaker cellulose signal was masked by a stronger dye signal.21 Microfibers 

were further categorized as cotton, extruded, other or unknown based on morphology 

viewed at 500-1000x magnification (Figure 1) using the Royal Microscopical Society’s 

Microscopy of Textile Microfibers Handbook22 and the guidelines presented by Zhu et 

al. (2019).21 

A representative random subsample of microfibers was selected for analysis of each 

color group in each sample. While we aimed to analyze a 10% subsample, final 
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proportions in some groups were more than 10% because the number of microfibers 

analyzed was rounded up to the nearest whole number. For example, if a sample 

contained a single pink microfiber and a 10% subsample would be 0.1 microfibers, the 

total number for analysis was rounded up to the nearest whole number (in this case 1 

microfiber) leading to 100% of the pink microfiber group being analyzed in the sample. 

Thus, we analyzed 16-35% of microfibers. The subsample of microfibers analyzed using 

Raman were as follows: 20% (74 microfibers), 15% (50 microfibers) 17% (94 

microfibers), 23% (143 microfibers) and 35% (198 microfibers) in Great Lake sediments 

and fish, suburban shallow lake sediments, Arctic sediments and WWTP effluent, 

respectively. A 16% subsample of microfibers found in wash water was also analyzed. 

QA/QC 
All samples were collected using non-plastic materials and storage containers, 

with the exceptions of a nylon gill net, dissection cutting boards, sample jars for KOH 

digestion, and Teflon-lined lids on amber glass collection jars and bottles. Further, 

WWTP effluent was collected through Teflon-lined polypropylene tubing. No particles 

from plastic equipment were found in blank samples. All equipment was rinsed with RO 

water prior to use to remove residual contamination. Samples were handled either 

under a fumehood and/or Clean Cell Laminar flowhood to mitigate airborne 

contamination.23 The labs where sample processing was conducted contained HEPA 

filters and surfaces were wiped down weekly to mitigate microfiber contamination from 

dust. All personnel were trained extensively in microfiber identification and clean 

procedures prior to handling samples. All personnel were required to wear personal 

protective equipment (including white cotton or polyester lab coats and gloves). 
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Two field blanks were collected for Arctic sediments. Field blanks for Arctic 

sediment samples consisted of a pre-cleaned jar of anhydrous sodium sulfate (NaSO4, 

JT Baker Chemicals), which was cleaned by baking at 400°C overnight. The jar was 

opened on the deck of the ship for the same length of time that the corer sat on deck 

before the samples were collected. NaSO4 was dissolved in RO water. Following 

dissolution of NaSO4, field blanks were processed, enumerated and analyzed following 

the same procedure as sediment samples. 

Field blanks for the suburban shallow lakes consisted of pre-cleaned glass jars 

containing 1 L RO water held open to the air during sample collection. These field 

blanks were collected at two sites. No field blanks were collected during Great Lakes 

sediment or fish collection. WWTP field blanks, consisting of pre-cleaned amber glass 

collection bottles with 1 L HPLC grade water open to the air, were collected during each 

visit. WWTP blanks were processed alongside samples using the same methods. 

Procedural blanks were run during sample processing for all sample types to 

monitor contamination introduced during sample processing. Sediment procedural 

blanks consisted of 1 L RO water were opened during sample processing. For fish 

samples, procedural blanks consisting of RO water were taken 10 times by following the 

same dissection, chemical digestion and filtration procedure as for fish digestive tracts. 

Procedural blanks for WWTP and laundry samples containing 1 L RO water were run 

along-side each set of samples. Procedural blanks were filtered, and particles were 

enumerated using the method described above. Additionally, procedural blanks were 

collected during washing trials. These blanks consisted of clothing-free wash cycles, 
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after which wash water was collected and processed in the same manner as treatment 

wash water. 

All particles found in all field and lab blanks were microfibers. The number of 

microfibers found in procedural and field blanks can be found in Table S3. Our final 

results were blank corrected by the number of particles per color-category in each 

sample, by subtracting the average number of particles per color-category in the 

respective blanks. Due to the abundance of microfibers in environmental samples, blank 

correction was conducted prior to chemical identification using micro-Raman 

spectroscopy and statistical analyses. 

Statistical Analyses 
 

A Shapiro-Wilk test for normality and F-test for homogeneity of variance were 

completed on all data. Mean sampling depths between Great Lake sediments and 

suburban shallow lake sediments were compared using a Krustal-Wallis ANOVA 

(KWA). Due to unequal variances of microfiber abundance between Great Lakes and 

suburban shallow lake sediment samples, a Welch t-test was used to compare 

microfiber abundance between sediments collected in the Great Lakes and suburban 

shallow lakes. Distances of sediment sampling sites in southwestern Lake Ontario were 

measured using Google Earth Pro version 7.3 (Google, Maxar Technologies). An 

ANOVA and Tukey HSD post-hoc test were used to examine differences in microfiber 

abundance in fish across the for sampling sites. A Two-Way ANOVA was used to 

investigate differences in microfiber abundance between WWTP from 2018 to 2019. For 

the blue jean washing experiments, an ANOVA and Tukey HSD post-hoc test were 

used to compare differences in microfiber release from new vs. used jeans and new, 
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distressed vs. non-distressed jeans. All statistical testing was conducted using R 

version 3.6.1 statistical software package (The R Foundation for Statistical Computing, 

2019). 

Estimates for WWTP loadings of indigo denim microfibers were made using 2018 

and 2019 daily effluent discharge values found in annual City of Toronto plant reports 

provided by each WWTP. 

 
 
LIMITATIONS & UNCERTAINTIES 

 
The density separation method used for sediment and WWTP samples was 

originally designed for the enumeration of microplastic in environmental samples. 

Cellulosic microfibers (1.4-1.6 g cm-3) can be denser than the CaCl2 solution used for 

density separation in this study (1.40 g cm-3). Matrix spike and recovery tests using 

regenerated cellulose microfibers (1.5 g cm-3) were performed through sieving and 

density separations and are described by Adams et al.2 Mean recovery for cellulosic 

microfibers was 90±10%. Because recoveries were high and cellulosic microfibers were 

extracted from environmental samples, it seems that some microfibers remained 

suspended and did not separate properly regardless of the density of the solution. 

Therefore, it is possible our counts of cellulosic microfibers may be underestimated. 

This finding corresponds with results of density separation method used by Sanchez- 

Vital et al. (2018).24 

KOH digestion is often employed for enumeration of microplastics and 

microfibers from tissues of biota. Although few studies report recovery results of 

cellulose fiber, a few have shown that 10% KOH at high temperatures can cause 
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damage and loss of cellulosic fibers (Table S6).25–28 The effects of digestion conditions 

used here (a 14-d digestion period at 25°C) have not been investigated, thus it is 

possible that the values of ingested cellulosic fibers by rainbow smelt reported here are 

underestimated due to loss during digestion. Further, underestimation of AC fibers due 

to degradation or alteration of surface morphology also may have occurred. However, 

we presumed that losses would be mitigated by the low temperature of the digestion. 

Because spike and recovery tests for this method were not conducted, we are unable to 

correct reported values for recovery. The impact of KOH digestion on indigo dye is 

unknown. 

Another limitation of our study was the lack of field blanks for fish and sediments 

collected in the Great Lakes. Whereas field blanks were not collected for Great Lake 

fish samples, we believe procedural blanks captured most contamination introduced to 

samples during microfiber extraction. Although field blanks were not collected for Great 

Lake sediments, field blanks for Arctic sediment samples contained low levels of 

microfiber contamination (Table S3). 

Rainbow smelt collected in this study were held up to 24-h in gill nets prior to 

retrieval by study personnel, during which time individuals could have egested 

microfibers. While the retention time of microfibers in the gut of rainbow smelt is not 

known, controlled laboratory studies indicate microfiber retention in fish is similar to that 

of bulk gut contents.29,30 We did not know how long each fish was in the net prior to 

sampling, however food was observed in digestive tracts analysed and thus we did not 

see evidence of complete digestive depuration. Past studies show that full gut contents 
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in rainbow smelt is estimated to be within 24 h31,32, therefore it is possible that the levels 

of ingested microfibers found in our study were underestimated. 

 
 
 
 
 
 
 
 
 
 

 
 
Figure S1. Classification of microfibers as a subclass of anthropogenic particles found in 
the environment. 
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Figure S2. Sampling site locations, including (A) the Canadian Arctic Archipelago (CAA) 
and (B and C) southern Ontario. Black circles correspond to CAA sites, pink squares to 
sediment collection sites in Lakes Ontario and Huron, navy triangles to fish collection 
sites in Lakes Ontario and Huron, yellow crosses to suburban shallow lake sites in the 
Greater Toronto Area (GTA), and green hexagons to wastewater treatment plants. 
Maps were generated using ArcGIS Pro version 2.4 (https://www.esri.com/en- 
us/arcgis/products/arcgis-pro/overview). 
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Figure S3. Decision tree outlining the process of identifying anthropogenic cellulosic 
(AC) microfibers using multiple lines of evidence. 
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Figure S4. Microfiber abundance (microfibers kg dw-1) in southwestern Lake Ontario 
sediments as a function of proximity (km) to (A) WWTP I and (B) WWTP II. 
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Figure S5. Raman spectra for indigo denim fibers found in (A) Arctic sediments, (B) 
Great Lake sediments, (C) suburban shallow lakes, . Sample spectra are outlined in 
black. (D) rainbow smelt, (E) WWTP effluent and (F) wash water. Sample spectra are 
outlined in black. Reference spectra from the Raman – Forensic – HORIBA and 
SLoPP and SLoPP-E databases are outlined in red and green. All spectra were 
identified as either cellulose (B), indigo dye (A and C), cellulose (E), indigo dye alone 
(D), or indigo dye and cellulose composite (F).  
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Table S1. Details of field sampling locations. 

 



S22  

Table S2. Ranges for settings used during Raman spectral analysis. 
 

 
 
Table S3. Blank values for field and procedural blanks. 
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Table S4. Comparison of microfiber release from whole garments including the present study and literature values. 
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Table S5. Quantities and characteristics of anthropogenic particles, including microfibers found in environmental samples. 

 
 

 
 
 

Table S6. Literature review of recovery tests for cellulose microfibers for KOH digestion methods. 
 
 

Sample Type
AP abundance 

(mean±SD) (AP/kg dw)
Microfiber abundance 

(mean±SD) (fibers/kg dw) Total fibers
Total fiber 
bundles

Total blue 
fibers Total clear fibers

Total cellulose 
fibers Total AC fibers Total UN fibers

Total Synthetic 
fibers

Total denim 
fibers

Great Lakes combined 862±442 782±436 371 2 114 216 27 30 11 29 17
Lake Ontario (n = 5) 868±582 774±571 250 1 75 149
Lake Huron (n = 3) 853±89.5 793±115 121 1 39 67

Urban Shallow Lakes (n = 4) 2834±1135 2489±1261 554 2 125 256 20 23 11 54 13
CAA (n = 14) ⱡ 2277±1718 1957±1376 624 3 258 217 78 73 42 14 29

Sample Type
AP abundance 

(mean±SD) (AP/g ww)
Microfiber abundance 

(mean±SD) (fibers/g ww) Total fibers
Total fiber 
bundles

Total blue 
fibers Total clear fibers

Total cellulose 
fibers Total AC fibers Total UN fibers

Total Synthetic 
fibers

Total denim 
fibers

Fish combined 8.6±14.6 8.6±14.6 327 0 135 65 30 21 13 13 1
Lake Ontario (n = 10) 2.6±5.6 2.6±5.6 129 0 54 18
Lake Huron (n = 10) 14.6±18.8 14.6±18.8 198 0 81 47

Sample Type
AP abundance 

(mean±SD) (AP/L)
Microfiber abundance 
(mean±SD) (fibers/L) Total fibers

Total fiber 
bundles

Total blue 
fibers Total clear fibers

Total cellulose 
fibers Total AC fibers Total UN fibers

Total Synthetic 
fibers

Total denim 
fibers

WWTP combined 24±18 22±18 570 1 60 390 127 60 101 30 25
WWTP I (n = 6) 36±15 35±15 464 0 38 309
WWTP II (n = 6) 11±12 8.9±11 106 1 22 81
ⱡ Similar values are reported by Adams et al. (in prep) along with a full explanation of methodological differences between the numbers presented here and by Adams et al.

Wastewater Treatment Plant Effluent

Sediments

Rainbow smelt
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