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Abstract  14 

Microplastics are known to be associated with co-contaminants, but little is understood 15 

about the mechanisms by which these chemicals are transferred from ingested plastic to 16 

organisms. This study simulates marine avian gastric conditions in vitro to examine the 17 

bioaccessibility of authigenic metals (Fe, Mn) and trace metals (Co, Pb) that have been 18 

acquired by polyethylene microplastic pellets from their environment. Specifically, different 19 

categories of pellet were collected from beaches in Cornwall, southwest England, and 20 

exposed to an acidified saline solution of pepsin (pH ~ 2.5) at 40 oC over a period of 168 h 21 

with extracted metal and residual metal (available to dilute aqua regia) analysed by ICP-MS. 22 

For Fe, Mn and Co, kinetic profiles consisted of a relatively rapid initial period of 23 

mobilisation followed by a more gradual approach to quasi-equilibrium, with data defined 24 

by a diffusion model and median rate constants ranging from about 0.0002 (g L-1)-1 h-1 for Fe 25 

to about 0.8 (g L-1)-1 h-1 for Co. Mobilisation of Pb was more complex, with evidence of 26 

secondary maxima and re-adsorption of the metal to the progressively modified pellet 27 

surface. At the end of the time-courses, maximum total concentrations were 38.9, 0.81, 0.014 28 

and 0.10 g g-1 for Fe, Mn, Co and Pb, respectively, with maximum respective percentage 29 

bioaccessibilities of around 60, 80, 50 and 80. When compared with toxicity reference values 30 

for seabirds, the significance of metals acquired by microplastics from the environment and 31 

exposed to avian digestive conditions is deemed to be low, but studies of a wider range of 32 

plastics and metal associations (e.g. as additives) are required for a more comprehensive risk 33 

assessment. 34 

Capsule: Metals on microplastics that have been acquired from their environment are highly 35 

bioaccessible to seabirds but concentrations mobilised are not deemed significant.   36 

Keywords: Bioaccessibility; Metals; Microplastics; Avian; Kinetics; Lead37 
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1. Introduction 38 

Plastic debris is a pervasive problem in natural systems with many obvious consequences, 39 

such as entanglement of and ingestion by organisms and smothering of benthic habitats. 40 

Over 350 species are known to be impacted by plastic, with the number observed to ingest 41 

the material exceeding 180 according to a recent review (Gall and Thompson, 2015). Plastic 42 

ingestion is evident at all trophic levels in the marine environment and has been observed in 43 

crustaceans, invertebrates, fish, turtles, mammals and seabirds (Laist, 1997; Gregory, 2009). 44 

Consequences of ingestion include choking, internal injuries and reduced feeding rate or 45 

capacity, which may lead to malnourishment (Ryan 2008; Watts et al., 2015). In addition to 46 

physical impacts, there is potential for co-contaminants - chemicals which are bound to the 47 

surface or incorporated within the matrix of plastic debris - to be released following 48 

ingestion, with possible toxicological effects (Teuten et al., 2009; Tanaka et al., 2015).  49 

Most studies to date have described the accumulation of persistent organic pollutants on 50 

microplastic particles (those < 5 mm in diameter) in the marine environment (Endo et al., 51 

2005; Hirai et al., 2011; Wang et al., 2018), with more recent attention also on the interactions 52 

of trace metals with preproduction plastic pellets under a range of environmental scenarios 53 

(Holmes et al., 2014; Rochman et al., 2014; Maršić-Lučić et al., 2018). What has been lacking, 54 

however, is an assessment of the significance of metals adsorbed to plastic as an exposure 55 

route to organisms known to ingest the material. 56 

Ingestion of marine debris by organisms is known to affect 122 species of seabirds (Gall and 57 

Thompson, 2015), with some species, like Fulmarus glacialis, observed to ingest plastics in up 58 

to 98 % of individuals (van Franeker et al., 2011), with reported mean and maximum 59 

quantities of 0.6 g and 20.6 g, respectively, per individual (van Franeker et al., 2005). 60 
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Developing methods to assess the potential impacts of plastic ingestion by wildlife, and in 61 

particular by birds, is critical, therefore, since continued exposure to physical and chemical 62 

stressors may have effects which have not yet been considered (Koelmans et al., 2014). 63 

Although links have been drawn between plastic ingestion and body burdens of metals 64 

(Lavers and Bond, 2016) and organic contaminants (Tanaka et al., 2013), there is a lack of 65 

empirical data on the mechanisms and magnitude of co-contaminant release from plastic 66 

debris under gastric conditions. To this end, the “bioaccessibility” of a co-contaminant is an 67 

important factor in quantifying the chemical risk to organisms of the presence of plastic in 68 

the environment. Bioaccessibility is defined as the percentage of a total contaminant that is 69 

extractable in the gastrointestinal tract and subsequently available for absorption following 70 

ingestion (Ruby et al., 1996). 71 

This study examines the bioaccessibility of selected metals that had been acquired by 72 

microplastic pellets in the environment (and largely through adsorption and precipitation) 73 

using a modified, avian version of a standard physiologically based extraction test (PBET). 74 

Aged pellets of different morphologies and colours were used in order to determine 75 

whether sample characteristics and degree of weathering have an impact on bioaccessibility 76 

under the physical and chemical conditions present within an avian digestive tract. The 77 

potential significance of plastic ingestion for metal exposure and accumulation is also 78 

considered given that plastics are retained within the avian digestive tract for periods 79 

considerably longer than typical retention times for food (Warham, 1996; van Franeker et al., 80 

2011). 81 

2. Materials & methods 82 
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2.1. Materials & reagents 83 

Reagents were supplied by Fisher Scientific (Loughborough, UK) or Sigma Aldrich 84 

(Cambridge, UK) and were of trace metal analysis grade, while ICP-MS and ICP-OES 85 

calibration standards were sourced from Romil (Cambridge, UK). Prior to use, all equipment 86 

was soaked for > 24 h in a 2 % solution of Decon 90 (an anionic and non-ionic surfactant 87 

cleaning solution), rinsed five times with deionised water, and placed directly into a bath 88 

containing 1.2 M HCl for > 48 h. After retrieving equipment from the bath, it was rinsed 89 

thoroughly with Milli-Q water (MQW; > 18.2 MΩ cm), dried under laminar flow and stored 90 

in a series of clear polyethylene zip-lock bags. 91 

2.2. Sample collection & processing 92 

Pellets were collected with polypropylene tweezers from the strandline of a beach on the 93 

south coast of Cornwall, UK (50.339° N 4.239° W), where the physical characteristics and 94 

metal concentrations of microplastics had been previously characterised (Holmes et al., 95 

2012), and stored in polycarbonate bottles. Briefly, pellets ranged in size from approximately 96 

2 to 4 mm across the broadest dimension, and were typically ovoid or cylindrical in shape. 97 

Pellets were predominantly black, white or off-white (discoloured), with some that were 98 

translucent-amber, reflecting significant and visible photo-degradation in the environment. 99 

In the laboratory, samples were stripped of loosely adhered debris by sieving through a 1 100 

mm plastic sieve, which retained pellets but allowed extraneous material to pass through. 101 

Subsequently, ultrasonication for five min in filtered seawater was undertaken to remove 102 

more firmly adhered particulates. Pellets were then air-dried under laminar flow, divided 103 

according to colour and morphology (translucent-white disc, WD, black disc, BD, white 104 

ridged cylinder, WRC, white smooth cylinder, WSC, and translucent-amber disc, AD) and 105 
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stored in screw-capped polyethylene pots contained in polyethylene bags until use. Fourier 106 

transform infra-red photoacoustic spectroscopy (FTIR-PAS) performed on a subset of all 107 

sample types confirmed polyethylene to be the component polymer in all cases.  108 

2.3. Avian PBET  109 

Simulated avian gastric conditions were based on previous studies concerned with lead shot 110 

bioaccessibility to waterfowl (Kimball and Munir, 1971; Martinez-Haro et al., 2009) and the 111 

avian bioaccessibility of lead from mine-impacted soils (Furman et al., 2006) but with 112 

modifications in order to more accurately replicate the digestive environment of marine 113 

Procellariiformes which commonly ingest microplastic (Colabuono et al., 2009; van Franeker 114 

et al., 2011; Avery-Gomm et al., 2012). Thus, incubations were conducted at 40 °C, 115 

concentrations of NaCl and pepsin were 0.1 M and 10 g L-1, respectively, and pH was 2.5 to 116 

2.8 (Turner and Lau, 2016; Turner, 2018). 117 

Synthetic gastric fluid was prepared as a large batch for immediate use in a 1 litre glass 118 

volumetric flask by adding 5.844 g NaCl and 10 g pepsin to MQW whose pH was amended 119 

with 1M HCl. Forty millilitres of synthetic gastric fluid were added to a series of 120 

polypropylene centrifuge tubes which were sealed in clear polyethylene zip-lock bags and 121 

placed in a heated water bath. Following a conditioning period, 20 pellets of each category 122 

(in triplicate), whose combined weights had been recorded, were added to individual tubes, 123 

with controls prepared likewise but with no microplastics added. Samples were then 124 

laterally shaken at 100 rpm for a period of one week at 40 °C and subsamples taken at 125 

predetermined time points (0.25, 0.5, 1, 2, 6, 12, 24, 48, 102 and 168 h) throughout the 126 

experiment by removing two 1 mL aliquots (1 mL removed and discarded to condition the 127 

pipette and 1 mL to be stored for analysis) and a single pellet in order to maintain a 128 



7 

 

reasonably constant pellet-solution ratio. Sample aliquots were immediately diluted five-129 

fold with 2 % HNO3 in 10 ml Sterilin tubes pending analysis. Meanwhile, pellets were rinsed 130 

with a few mL of MQW to remove any gastric solution from the surface and placed as single 131 

samples in individual 7 mL vials where they were air-dried under laminar flow and 132 

extracted for residually adsorbed metals using 2.5 mL of 20 % aqua regia (2.3 M HCl and 3.2 133 

M HNO3 combined in a ratio of 3:1) (Ashton et al., 2010).  134 

2.4. Metal analysis 135 

Metal concentrations in the PBET extracts and aqua regia digests of individual pellets were 136 

analysed by inductively coupled plasma-mass spectrometry (Thermo X-Series II ICP-MS, 137 

Thermo Elemental, Winsford, UK) with the focus on Fe and Mn, as two indicators of 138 

authigenic material, and Co and Pb, as two elements representative of trace metals which 139 

are known to interact with microplastics and exhibit minimal contamination during 140 

laboratory analyses (Holmes et al., 2012). Calibrations were performed using five matrix-141 

matched standards and a matrix-matched blank ranging from 0 to 200 µg L-1 for Fe, 0 to 100 142 

µg L-1 for Mn, and 0 to 10 ug L-1 for Co and Pb. All samples, calibration standards and blanks 143 

were spiked with 115In and 193Ir as internal standards to account for any instrumental drift, 144 

which was automatically compensated for at the time of analysis. Further checks were made 145 

by re-analysing a calibration standard every ten samples. Limits of detection were calculated 146 

as three times the standard deviation of calibration blank values. 147 

3. Results  148 

3.1. Total metal concentrations on pellets 149 

Total concentrations of the four metals that had been acquired from the environment by the 150 

polyethylene pellets used in the experiments, Ctot, are shown in Table 1. Here, concentrations 151 
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are derived from the summed quantities of metal mobilised in the PBET and the total 152 

amount of metal remaining on all pellets (n = 20; and as determined by aqua regia 153 

extraction) divided by the combined pellet mass, with the mean and standard deviation for 154 

three replicate PBETs of each pellet type given. Mean concentrations are consistent with 155 

values determined in previous studies (Ashton et al., 2010; Holmes et al., 2012; Maršić-Lučić 156 

et al., 2018), with variations among each pellet type reflecting an inherent heterogeneity in 157 

the precise size, surface area and age and degree of weathering of the microplastic substrate.  158 

Table 1: Mean ± one standard deviation (n = 60) of total metal concentrations (Ctot, g g-1) 159 

associated with the different types of pellet. 160 

Sample Fe Mn Co Pb 

WD 25.4 ± 8.15 0.30 ± 0.14 0.007 ± 0.002 0.056 ± 0.028 

BD 32.1 ± 8.27 0.48 ± 0.27 0.008 ± 0.002 0.060 ± 0.016 

WRC 38.9 ± 0.79 0.81 ± 0.19 0.014 ± 0.004 0.095 ± 0.020 

WSC 22.5 ± 2.51 0.23 ± 0.01 0.005 ± 0.002 0.037 ± 0.018 

AD 28.3 ± 9.74 0.45 ± 0.27 0.011 ± 0.006 0.062 ± 0.009 

WD = translucent white disc; BD = black disc; WRC = white ridged 

cylinder; WSC = white smooth cylinder; AD =  translucent amber disc 

3.2. Metal mobilisation kinetics 161 

Concentrations of metals released by the avian PBET, C, are shown as a function of time in 162 

Figures 1 to 4. For Fe, Mn and Co there is a relatively rapid period of mobilisation followed 163 

by a slower approach to quasi-equilibrium; for Pb, however, timed-distributions are more 164 

complex with evidence of very rapid mobilisation. For Pb on all pellet types except WRC 165 

equilibrium was reached by the first time point (0.25 h), with some pellet types exhibiting 166 

secondary maxima, suggesting re-adsorption and remobilisation during the PBET 167 

incubation. With the exception of Pb, data conformed to a diffusion model of the form 168 

defined by Ruby et al. (1992): 169 

1/(Ce – C) = 1/Ce + kt   (1) 170 
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where Ce is the concentration mobilised at quasi-equilibrium, t is time and k is a rate 171 

constant (units = (g L-1)-1 h-1). Model fits to the data in Figures 1 to 3 were accomplished by 172 

using the parameter values in Table 2, where Ce is the measured concentration at the 173 

termination of the experiment and k was derived from the slope of 1/(Ce – C) - 1/Ce  versus t 174 

for the first 6-8 time points of the PBET. 175 

Table 2: Parameter values used to the fit kinetic data (for the pellets shown in Figures 1 – 3) 176 

according to equation 1 and, for Pb, quasi-equilibrium concentrations only. Note that the 177 

coefficient of determination and number of data points refers to the derivation of k.  178 

    Fe       Mn       Co     Pb 

Sample 
Ce,  

g L-1 

k,  

(g L-1)-1 h-1 
r2 (n)   

Ce,  

g L-1 

k,  

(g L-1)-1 h-1 
r2 (n)   

Ce,  

g L-1 

k,  

(g L-1)-1 h-1 
r2 (n)   

Ce,  

g L-1 

WD 226 0.00024 0.943 (7)   3.32 0.0263 0.609 (6)   0.0453 2.55 0.900 (8)   0.624 

BD 178 0.00021 0.940 (7)   3.53 0.0191 0.663 (7)   0.0353 2.88 0.226 (7)   0.372 

WRC 240 0.00020 0.949 (7)   8.43 0.0513 0.892 (7)   0.0646 3.82 0.963 (8)   1.032 

WSC 210 0.00010 0.960 (7)   2.50 0.152 0.838 (7)   0.0276 6.99 0.948 (8)   0.397 

AD 216 0.00025 0.957 (7)   5.15 0.0441 0.917 (7)   0.0553 1.94 0.869 (7)   0.568 

WD = translucent white disc; BD = black disc; WRC = white ridged cylinder; WSC = white smooth 179 

cylinder; AD = translucent amber disc 180 

3.3. Metal bioaccessibilities 181 

From Ce and Ctot, the percentage of total metal at the end of the one-week PBET that is 182 

mobilised and, therefore, bioaccessible, BA, may be determined as follows: 183 

BA = 100% ∙ (Ce ∙ V/mp)/Ctot   (2) 184 

where V and m are the volume of digest (0.04 L) and mass of pellets (~ 0.5 g), respectively, in 185 

the experiment. Values of BA are shown for each metal and pellet type in Table 3 and reveal 186 

mean percentages that range from about 30 for Co on cylinders and amber discs to > 70 for 187 

Mn in most cases and Pb in white discs and white cylinders and relative standard deviations 188 
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among replicates that range from about 1% to 50%. Despite this wide range in mean values, 189 

bioaccessibility for each metal does not vary significantly between pellet type (p > 0.05 190 

according to one-way ANOVA) and no single group of pellets consistently carries a greater 191 

or lesser mean bioaccessible fraction of metals than any other. Moreover, there is no clear 192 

relationship between percentage bioaccessibility and total metal concentration between the 193 

metals and among the different types of pellet. 194 

Table 3: Percentage bioaccessibilities of metals in each pellet type subject to the avian PBET. 195 

The mean and standard deviation of three replicates is given in each case.  196 

Sample Fe Mn Co Pb 

WD 62.6 ± 8.82 77.7 ± 20.6 48.7 ± 11.6 77.7 ± 7.22 

BD 55.4 ± 3.92 73.6 ± 16.1 42.0 ± 2.06 61.2 ± 9.89 

WRC 43.3 ± 0.88 73.1 ± 16.7 32.4 ± 1.93 70.2 ± 20.6 

WSC 60.2 ± 6.73 69.9 ± 4.07 34.6 ± 8.53 69.9 ± 17.0 

AD 52.7 ± 11.1 78.4 ± 11.1 33.9 ± 18.8 62.9 ± 9.80 

4. Discussion 197 

Given that oxides of Fe and Mn are important and ubiquitous authigenic host phases for 198 

many particulate contaminants, including trace metals, in the aquatic environment (Muller 199 

et al., 2002; Manceau et al., 2007), the presence of Fe and Mn on the pellets reflects their 200 

accumulation from the environment, principally through adsorption and precipitation on to 201 

the plastic surface. The Fe to Mn ratio on a mass (and molar) basis averages about 60 for all 202 

samples measured. This is similar to ratios reported for Fe and Mn available to 1 M HCl in 203 

suspended particulate matter sampled from the coastal regions of the southern North Sea 204 

(Turner and Millward, 2000), suggesting that the accumulation of oxidic phases on plastics 205 

and natural solids proceeds via similar mechanisms and/or in a similar stoichiometry. 206 
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The ready mobilisation of Fe and Mn from the plastic pellets subject to an avian PBET 207 

reflects the progressive dissolution of authigenic phases under the acidic and enzymatic 208 

conditions of the digestive fluid that is modelled using a simple diffusion-based equation. 209 

Trace metal contaminants are likely to be associated with these authigenic phases through 210 

adsorption and co-precipitation, as well as with organic phases, including biofilms, that 211 

have accumulated in situ (Richard et al., 2019). The mobilisation of trace metals under the 212 

simulated avian digestive conditions is predicted to be controlled by desorption from the 213 

surfaces of these phases, as well as from any adsorption sites on the plastic itself engendered 214 

by photo-oxidation (Rochman et al., 2014), in addition to mechanisms responsible for host 215 

phase dissolution. Accordingly, the kinetic profiles exhibited by some trace metals, 216 

exemplified herein by Co, are similar to those of Fe and Mn, suggesting a significant 217 

association with oxidic phases. For other trace metals, however, such as Pb, mobilisation 218 

kinetics are more complex, with very rapid release within the first few hours of exposure 219 

and evidence of subsequent secondary maxima over the subsequent duration of the time-220 

course. This may reflect an association with other (e.g. biogenic and proteinaceous) phases 221 

that are denuded by the gastric enzyme (pepsin) or the redistribution (e.g. re-adsorption) of 222 

the metal on the surface as it is progressively modified under the chemical conditions of the 223 

PBET.  224 

Typical residence times for natural food items in the gizzard of seabirds like F. glacialis are 225 

on the order of a few hours (Warham, 1996). However, since plastic particles are more 226 

slowly processed than natural ingesta (with the exception of hard parts such as fish otoliths 227 

or squid beaks), they will be retained in the digestive tract for longer periods, with estimates 228 

of residence times ranging from days to weeks (van Franeker et al., 2011). Consequently, it is 229 
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predicted that the mobilisation of metals associated with microplastics through adsorption 230 

to the plastic and association with authigenic surface phases will readily reach quasi-231 

equilibrium within the marine avian digestive system. 232 

In order to estimate the likely quantity of metal conveyed to avian species via ingestion 233 

of microplastic debris that is bioaccessible, but not necessarily bioavailable and able to 234 

pass the gut epithelium, concentration and bioaccessibility data derived above were 235 

combined with literature values for typical plastic body burdens:  236 

 Ip = mp ∙ Ctot ∙ BA/100% (3) 

where Ip is the quantity of metal mobilised in the digestive environment from ingested 237 

plastic (g) and mp is the mass of ingested plastic (g). 238 

Mean abundances of ingested plastic in F. glacialis have been recorded at 0.6 g, but values 239 

are highly variable with a maximum of 20.6 g reported by van Franeker et al. (2005).  Here, 240 

therefore, both mean and maximum values are used to calculate Ipmean and Ipmax, respectively. 241 

Results shown in Table 4 are based on the highest mean bioaccessibilities and total metal 242 

concentrations and represent worst case scenarios, with the maximum amount of the most 243 

toxic metal, Pb, mobilised via ingested microplastic around 1.7 g over the time period by 244 

which 20.6 g is processed by the bird. 245 

Table 4: Quantities of metals (in g) accessible to a seabird ingesting 0.6 g (Ipmean) or 20.6 g 246 

(Ipmax) of plastic calculated from the data in Tables 1 and 3 and using equation 3.  247 

  Fe Mn Co Pb 

Ipmean 14.6 0.38 0.004 0.05 

Ipmax 501.6 13.1 0.14 1.65 
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In order to evaluate the risk from metals acquired by plastics in the environment through 248 

ingestion, results above were used to estimate the mass of material required to be ingested 249 

before adverse effects are possible (mpadv, g), assuming that all metal mobilised from ingested 250 

plastic is available for accumulation: 251 

mpadv = (TRV ∙ mbird)/(Ctot ∙ BA/100%)   (4) 252 

Here, TRV represents a toxicity reference value for avian species and is 179, 7.61 and 1.63 g 253 

g-1 body weight for Mn, Co and Pb, respectively (Sample et al., 2014). For a bird of 0.75 kg, 254 

mpadv is computed to be 130 kg for Mn and 200 kg for Co based on the highest total 255 

concentrations and bioaccessibilities; for Pb, however, the corresponding value is 10 kg. 256 

Clearly, microplastic masses of this magnitude are not likely to be ingested over the entire 257 

lifespan of a 0.75 kg seabird and, on this basis, and at least with respect to metals on an 258 

individual basis, toxic effects are predicted to be negligible.   259 

However, it must be borne in mind that pellets represent only one form of microplastic 260 

debris in the environment, and of greater concern from a toxicological perspective are legacy 261 

microplastics that may contain significant quantities of metals in the matrix in the form of 262 

additives or reaction residues. For example, recent studies of beached foamed plastics and 263 

thermoplastic fragments reveal Pb concentrations that are five orders of magnitude higher 264 

than those reported here (Turner and Lau, 2016; Turner, 2018), with bioaccessibilities of just 265 

1% resulting in bioaccessible concentrations thousands of times greater than those acquired 266 

from the environment by microplastic pellets. For instance, applying equation 4 to plastic 267 

containing 10000 g g-1 of Pb added as a pigment or a stabiliser and which is 1% 268 
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bioaccessible results in an ingested mass having potentially adverse effects due to this metal 269 

of just 12 g. 270 

For a more accurate risk assessment, multiple types of plastic of different sizes would 271 

have to be incorporated into a model similar to that defined by equation 4. Thus, 272 

polymers of different composition and crystallinity may have different affinities for 273 

dissolved metals while there is likely to be an inverse dependence of metal adsorption 274 

on particle size; of particular significance regarding the latter effect are nanoplastics 275 

whose role in marine environments and on organisms of lower trophic level than birds 276 

is currently under investigation (Al-Sid-Cheikh et al., 2018; Ferreira et al., 2019). 277 

Moreover, since microplastics may simultaneously present both chemical and physical 278 

impacts to organisms upon ingestion, in vitro assessment of contaminant release should 279 

be incorporated into an environmentally-relevant multi-stressor exposure approach to 280 

evaluate the combined hazards of microplastics.  281 

5. Conclusions 282 

Authigenic (Fe, Mn) and co-contaminant (Co, Pb) metals acquired by polyethylene 283 

microplastic pellets from the environment are readily mobilised by an avian PBET and, 284 

with the exception of Pb, kinetic data conform to a simple diffusion model. Despite 285 

such mobilisation, concentrations themselves are insufficient to cause any adverse 286 

effects on seabirds that ingest plastic. However, when other types of plastic are 287 

considered, such as those with metallic functional additives, the risk may be significant. 288 

Future studies should address the different associations of metals with a greater 289 

diversity of microplastics in order to formulate a more generic risk assessment for 290 

ingested metals. 291 
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Figure 1: Mobilisation kinetics of Fe from the five types of microplastic pellets, defined in Table 1. Error bars represent the standard 412 

deviation about the mean of three replicate incubations, and solid lines represent fits according to equation 1 and constants given in Table 413 

2. WD: translucent white disc; BD: black disc; WRC: white ridged cylinder; WSC: white smooth cylinder; AD: translucent amber disc. 414 

 415 
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Figure 2: Mobilisation kinetics of Mn from the five types of microplastic pellets, defined in Table 1. Error bars represent the standard 416 

deviation about the mean of three replicate incubations, and solid lines represent fits according to equation 1 and constants given in Table 417 

2. WD: translucent white disc; BD: black disc; WRC: white ridged cylinder; WSC: white smooth cylinder; AD: translucent amber disc. 418 

 419 
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Figure 3: Mobilisation kinetics of Co from the five types of microplastic pellets, defined in Table 1. Error bars represent the standard 420 

deviation about the mean of three replicate incubations, and solid lines represent fits according to equation 1 and constants given in Table 421 

2. WD: translucent white disc; BD: black disc; WRC: white ridged cylinder; WSC: white smooth cylinder; AD: translucent amber disc. 422 

 423 
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Figure 4: Mobilisation kinetics of Pb from the five types of microplastic pellets, defined in Table 1. Error bars represent the standard 424 

deviation about the mean of three replicate incubations. .WD: translucent white disc; BD: black disc; WRC: white ridged cylinder; WSC: 425 

white smooth cylinder; AD: translucent amber disc. 426 
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