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a b s t r a c t
This study reports the ﬁrst inventory of physical properties of individual plastic debris in the North Atlantic. We analyzed 748 samples for size, mass, and material composition collected from surface net tows on
11 expeditions from Cape Cod, Massachusetts to the Caribbean Sea between 1991 and 2007. Particles
were mostly fragments less than 10 mm in size with nearly all lighter than 0.05 g. Material densities ranged from 0.808 to 1.24 g ml1, with about half between 0.97 and 1.04 g ml1, a range not typically found
in virgin plastics. Elemental analysis suggests that samples in this density range are consistent with polypropylene and polyethylene whose densities have increased, likely due to biofouling. Pelagic densities
varied considerably from that of beach plastic debris, suggesting that plastic particles are modiﬁed during
their residence at sea. These analyses provide clues in understanding particle fate and potential debris
sources, and address ecological implications of pelagic plastic debris.
Ó 2010 Elsevier Ltd. All rights reserved.

Plastic debris has become increasingly recognized as a global
ocean-wide problem due to its ubiquity and recalcitrance, allowing
particles to persist for estimated years to millennia (Andrady,
2003; Barnes et al., 2009). Due to its buoyancy, plastic debris is
widely dispersed in the open ocean; however, physical forcing
leads to accumulation in convergent zones resulting in regions of
high concentrations near the centers of subtropical ocean gyres (Pichel et al., 2007; IPRC, 2008; Law et al., 2010). Plastic consistently
composes 60–80% of all marine debris (Derraik, 2002); the major
sources to the ocean are runoff from land and the intentional
dumping or loss of ﬁshing gear and other plastic objects from ships
(Pruter, 1987).
Plastic debris can have deleterious effects on marine organisms.
Plastics release phthalates by exposure to sunlight and direct
leaching, (Giam et al., 1978; Teuten et al., 2009), which may disrupt the endocrine system of mammals (Li et al., 2004). The particles themselves can cause harm or death to seabirds and large
marine fauna from ingestion or entanglement (Azzarello and Van
Vleet, 1987; Laist, 1987; Derraik, 2002), and may affect lower trophic levels as well (Laist, 1987; Thompson et al., 2004; Browne
et al., 2008). They provide substrate for the transport of sessile
organisms (Minchin, 1996; Barnes, 2002; Gregory, 2009) and are
potent carriers of persistent organic pollutants due to their hydro-
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phobic, lipophilic nature (Mato et al., 2001; Teuten et al., 2007;
Colabuono et al., 2010).
While previous efforts have shown that plastic debris is prevalent along the coastline (Ribic et al., 2010) and immediately offshore of the eastern United States (Carpenter et al., 1972; Colton
et al., 1974; Van Dolah et al., 1980), little is known about the distribution of plastic in the North Atlantic Ocean, especially east of
the Gulf Stream. Moreover, there is even less information about
physical properties of the debris such as individual size, shape,
density, and elemental composition. The scarcity of plastic debris
data on an individual-particle basis limits long-term studies on
any trends in plastic debris in the North Atlantic and elsewhere.
Most studies to date have limited the discourse of marine plastic
distribution to a geographic context, and no spatial trends have
been catalogued concerning the physical and chemical makeup of
plastic particles in the neuston (air–surface interface) layer. In this
manuscript we provide spatial and physical data that establish a
baseline for the statistical distribution of plastic properties.
We analyzed the physical properties of 748 individual particles,
a subset of more than 18,000 archived plastic samples collected in
the western North Atlantic Ocean by Sea Education Association
(SEA, Woods Hole, MA, USA) over the past 24 years. Plastic particles analyzed in this study were collected aboard the RV Westward
and SSV Corwith Cramer on 11 cruises during the months of October and November between 1991–1995 and 2004–2007 (Fig. 1).
Collected samples spanned latitudes 11–44°N and longitudes 55–
71°W. Our analyzed samples represent a subset of individual par-
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Fig. 1. Neuston tow locations on 11 cruises between 1991–1995 and 2004–2007.
Analyzed plastic samples were collected from tows at every 5th parallel, within 1°
latitudinal bins, indicated by rectangles.

ticles selected from tows at every 5th parallel, enclosed in bins
spanning 0.5° north and south of that latitude (1° total). This sampling scheme allowed us to investigate geographic trends in plastic
particles at a realistic scale while maintaining proportionate representation within the region of high plastic concentration in the
North Atlantic. Data are presented in these latitudinal bins (15°N,
20°N, 25°N, 30°N, 35°N, and 40°N, all ±0.5°) without respect to longitude. Selected plastic particles were analyzed for size, mass,
form, and material density. This represents the ﬁrst catalog of
the properties of pelagic plastic debris at an ocean-basin spatial
(25° latitude  15° longitude) scale and multi-decadal temporal
scale.
All samples were collected with a neuston tow, using a surface
net-tow protocol that has been uniformly employed on SEA vessels
for the past three decades. A neuston net (335 lm mesh and
0.5 m  1.0 m opening) was towed along the sea surface (nominally 0.25 m of the net is submerged beneath the surface) for
approximately one nautical mile at a speed of two knots and the
contents of the net are strained over a 335 lm mesh sieve. All plastic particles were visually identiﬁed, hand-separated from plankton and tar, air-dried, stored in plastic bags, and archived in
darkness at room temperature. Despite ever-changing scientiﬁc

crews, we have found this straightforward sampling method to offer an excellent model for ongoing and future neustonic plastic
studies.
The selected archived samples were weighed on an analytical
balance, and the longest edge of each particle was measured with
a micrometer (recorded as particle size). By appearance, we noted
the plastic form, including fragments/chips, sheets (e.g., plastic
bag), industrial plastic pellets, ﬁshing/marine line, polystyrene
foam, and particles undeﬁned by the latter forms (e.g., resembled
tar, or was too small for proper identiﬁcation). As plastic samples
represent a wide variety of materials, we used density measurements as a ﬁrst-order identiﬁer of different plastic resins (Table 1).
Given that density is not a unique identiﬁer of plastic material, we
also analyzed a range of samples for carbon, hydrogen, and nitrogen (CHN) content. To evaluate this method, we analyzed recently
purchased retail products and found their content consistent with
CHN values calculated from the bulk chemistry of the resin
monomer.
Density determination was modiﬁed from Kolb and Kolb
(1991). Each sample was placed in a 40-ml glass vial with distilled
water and agitated to release any air bubbles on the surface of the
sample. If the sample sank, we increased the density of the solution
by adding concentrated solutions of calcium or strontium chloride
until the plastic piece was neutrally buoyant. If the sample ﬂoated,
the density of the solution was lowered by adding ethanol until the
plastic became neutrally buoyant. We then waited 15 min to assure that the samples maintained neutral buoyancy and that no
air bubbles were present. One milliliter of the resulting solution
was delivered via an automatic pipetter to a tared ﬂask on an analytical balance to determine the density of the aqueous solution
(g ml1). We were unable to calculate the density of polystyrene
foam particles due to embedded air pockets. The precision of these
measurements, as determined by triplicate analysis of numerous
plastic types, was 1% or better. To test the accuracy of this approach, we collected plastic samples from recently purchased retail
products labeled with plastic resin (or recycling) codes 1–6, representing different plastic types. Our density measurements of consumer plastics were consistent with published values (Table 1).
Particle sizes ranged from 0.41 to 420 mm, with more than 88%
of particles less than 10 mm in length (Fig. 2). Sixty-nine percent of
plastic particles measured between 2 and 6 mm. Mean particle size
within each latitudinal bin ranged from 5.18 ± 1.13 (standard error) to 25.49 ± 6.45 mm and was signiﬁcantly higher at 40°N
(25.49 ± 6.45 mm, ANOVA, p < 0.001) than farther south. This is
consistent with the prevalence of long line, large sheets and large
fragments observed at that latitude. The majority (>95%) of plastic
particles in our study had a mass less than 0.05 g and ranged from
0.0001 to 3.274 g (Fig. 2). Latitudinal mass means ranged from
0.007 ± 0.002 to 0.241 ± 0.233 g with a larger mean mass at 40°N
(0.032 ± 0.016 g, ANOVA, p < 0.001).
The majority (99%) of plastic pieces had densities less than the
mean measured density of western North Atlantic surface seawater
(1.025 g ml1), as expected. Particle-density ranged from 0.808 to
1.238 g ml1 and 47% of the samples had densities between 0.97 and

Table 1
Known % carbon, hydrogen, nitrogen (CHN) content and density ranges for common consumer virgin plastic types.
Resin code

Plastic type

Acronym

C (%)

H (%)

N (%)

Known density (g ml1)

5
4
2
6
7
3
1

Polypropylene
Low density polyethylene
High density polyethylene
Polystyrene
Nylon 6
Polyvinyl chloride
Polyethylene terephthalate

PP
LDPE
HDPE
PS
PA6
PVC
PET

85.70
85.70
85.70
92.30
63.70
38.46
62.50

14.28
14.28
14.28
7.70
9.70
4.81
4.17

0
0
0
0
12.4
0
0

0.85–0.92
0.89–0.93
0.94–0.97
1.04–1.08
1.15
1.16–1.41
1.38–1.41
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Fig. 2. Plastic sample (a) size and (b) mass histograms. Dotted lines represent
cumulative percentage. The vast majority of particles were less than 10 mm in size
and had a mass less than 0.05 g.

1.04 g ml1 (Fig. 3). In comparison to the virgin resin density values
listed in Table 1, sample densities between 0.97 and 1.04 g ml1 represent a range between high density polyethylene (HDPE) and polystyrene (PS), suggesting that the majority of pelagic plastics are
changing as they reside at sea. Density means within each latitudinal
bin ranged from 0.913 ± 0.009 (40°N) to 0.972 ± 0.001 g ml1 (30°N).
Particle densities were signiﬁcantly higher at 30°N in the subtropical
convergence zone (0.972 ± 0.001 g ml1, ANOVA, p < 0.001) when
compared with mean sample densities enclosed in all other latitudinal bins (15°N = 0.930 ± 0.009 g ml1, 20°N = 0.933 ± 0.015 g ml1,
25°N = 0.950 ± 0.004 g ml1, and 35°N = 0.957 ± 0.002 g ml1).
To compare the density of pelagic plastic samples to plastic debris
having spent less time in the open ocean, we analyzed 410 plastic
pieces collected from an enclosed beach on Washburn Island, Massachusetts. Beach samples were collected weekly along a 70-m2 transect at low tide over a 2-month period in the summer of 2009. The
densities of beach plastics ranged from 0.752 to 1.39 g ml1, which,
in contrast to pelagic plastic samples, more closely match the densities of common consumer plastics (Fig. 3). The high degree of overlap
between the densities of beach plastic and virgin polymers, suggests
that plastic resin types 1–6 are found along coastlines (consistent
with Ribic et al. (2010)) and that particle densities remain largely unchanged in this environment. In contrast, processes acting at sea
seems to change the density of plastic particles.
Elemental analysis of 19 plastic particles across a broad density
range revealed that the plastic samples derive from three main
plastic types: HDPE, low density polyethylene (LDPE), and polypropylene (PP). None of these plastic samples had an elemental composition matching other common plastics, namely polyethylene
terephthalate (PET), polyvinyl chloride (PVC), solid PS, or Nylon 6
(Table 2). Two unusually dense samples (both >1.37 g ml1) were
analyzed for elemental composition and did not exhibit the CHN
compositions of known plastic values (Table 1); by visual inspection they were determined to be paint chips, presumably from ship
hulls. Plastic samples with densities greater than 1.025 g ml1
(n = 6) could theoretically be solid PS, PVC or PET that have become
less dense, or a buoyant plastic that has become more dense (i.e.,

Fig. 3. Plastic density histograms of (a) open ocean and (b) beach samples, not
including polystyrene foam. Horizontal bars indicate known densities of major
consumer plastics. Dashed line represents measured mean western North Atlantic
surface seawater density. Note that only six pelagic samples have densities greater
than seawater, and that beach plastic values are consistent with the densities of
common consumer plastics.

sample 19 in Table 2). However, the majority of particles have reduced % C and % H relative to their original values (85.7% C and
14.3% H), yet they exhibit variable density anomalies. Our analyses
thus suggest that particle-density at sea is dynamic, and that the
samples with densities between 0.97 and 1.04 g ml1 are PP, LDPE,
and HDPE that have increased in density over time. In 2008, these
three plastic resins composed more than 50% of total discarded
plastics in US municipal solid waste (US EPA, 2009), totaling
14.5 million tons.
We propose two possible hypotheses for the density modiﬁcation of pelagic plastic particles from their virgin plastic values.
One is that weathering, photochemical breakdown and prolonged
mechanical abrasion (Andrady et al., 1998; Corcoran et al., 2009),
is preferentially altering particle-density with exposure. However,
it is currently unclear if weathering can lead to increases in density, and further study is needed. More likely, another hypothesis
is that biomass accumulation, often visually observed on the samples, is increasing sample densities. Our elemental analyses suggest that up to about 1% of the bulk sample content is nitrogen
(Table 2). Because consumer plastics (with the exception of nylon)
do not contain nitrogen, we consider nitrogen a proxy for biomass.
A 1% increase in nitrogen due to biofouling would mean that
approximately 7% of the total particle mass is biomass (assuming
a Redﬁeld ratio of 106:16 for the molar C:N of marine biomass,
and neglecting the molar mass contribution of H):

1 wt:% N






mol N
106 mol C 12 g C
¼ 5:7 wt:% C
14 g N
16 mol N
mol C

Total wt:% biomass ¼ wt:% N þ wt:% C ¼ 1 wt:% þ 5:7 wt:%
¼ 6:7 wt:% biomass
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Table 2
Elemental analysis (% CHN content) of plastic samples across a broad density range. Note: % C and % H consistency with virgin PP, LDPE, and HDPE values in Table 1, and that
% N > 0 in all samples.
Sample #

Density (g ml1)

C (%)

H (%)

N (%)

Notes

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

0.859
0.889
0.892
0.896
0.906
0.921
0.923
0.940
0.942
0.957
0.960
0.960
0.960
0.980
0.980
0.980
0.996
0.998
1.042

84.82
85.09
83.36
84.87
84.52
83.41
85.79
82.85
84.63
84.36
85.33
84.34
84.16
83.56
79.13
82.55
83.48
81.62
83.27

13.51
14.53
13.39
13.86
13.96
13.74
13.77
13.53
13.69
13.61
14.15
13.96
13.74
13.83
13.10
13.75
13.81
13.46
13.81

0.47
0.42
0.63
0.05
0.40
0.54
0.41
0.82
0.59
0.03
0.52
0.45
1.07
0.62
0.79
0.41
0.61
0.45
0.60

Brown, transparent fragment
White, translucent fragment
Gold, weathered pellet
Mint-colored line
Off-white translucent line
Off-white fragment
Black pellet-like fragment
Blue, irregular fragment
Black fragment
White line
White, large, translucent chip
Off-white fragment
Blue fragment
Off-white fragment
Yellowed, rough fragment
Off-white fragment
Off-white fragment
Off-white fragment
White, opaque fragment

Assuming a density of dry microbial biomass to be 1.5 g ml1
(Bratbak and Dundas, 1984), a mass-balance calculation indicates
that a plastic particle with an initial density of 0.91 g ml1 (corresponding to PP or LDPE, and the modal value observed in the beach
sample set) would increase in density to 0.950 g ml1 with an
amount of biofouling constrained by the measured 1% gain in
nitrogen:
1

1

0:91 g ml ð93:3% plasticÞ þ 1:5 g ml ð6:7% biomassÞ
¼ 0:950 g ml

1

This estimate of density increase is comparable to the 0.960 g ml1
mean density value for pelagic plastic particles.
The nature of plastic debris changed between our two study
periods, 1991–1995 and 2004–2007 (Table 3). In the 1990s mean
particle size was 10.66 ± 1.60 mm compared to 5.05 ± 0.35 mm in
the 2000s (ANOVA, p < 0.001), although the shapes of the size histograms from each time period are quite similar. Sixteen percent of
plastic particles were 10 mm and larger in the 1990s, compared
with the more recent study period when only 6% were 10 mm
and larger. This could indicate that plastic particles are decreasing
in size on the ocean surface, possibly due to the amplifying effects
of mechanical abrasion and photochemical breakdown on particles
with long residence times in the ocean. Mean particle-density increased slightly but signiﬁcantly from the 1990s to 2000s by
0.010 g ml1 (from 0.955 ± 0.002 to 0.965 ± 0.002 g ml1, ANOVA,
p < 0.001). Fragments, or broken pieces of larger objects, composed
the majority of plastic particles at all latitudes in both decades
(Fig. 4). In addition, we found fewer pellets and sheets in the
2000s – only ﬁve pellets compared to 47 in the 1990s, and four
sheets compared to 19 in the 1990s. Proportionate to those reduc-

tions, there were 18% more fragments in the North Atlantic in the
2000s, suggesting a decadal shift in plastic particle form.
Density measurements can be a powerful aid in characterizing
the plastic types present in the ocean. They also demonstrate that
chemical and physical particle properties change at sea, likely due
to microbial biofouling. Differences in density distributions of
beach and pelagic plastic debris provide critical data for understanding debris sources, transport, and fate; the utility of these
data emphasize the need for future studies to address the factors
that change plastic densities in differing marine environments.
Our CHN analyses suggest that plastic particles are increasing in
density during their residence in the open ocean. Analyzing samples for CHN content uniquely determines plastic type and simultaneously offers an indication of biofouling. However, CHN analysis
is destructive, as it requires sample combustion, and does not yield
as much information as mid-infrared spectrophotometric analysis.
An alternative, nondestructive method for determining polymer
type is attenuated total reﬂection Fourier-transform infrared spectroscopy (FT-IR ATR) (Corcoran et al., 2009; Browne et al., 2010),
but this technology is relatively scarce and thus commercial analyses are prohibitively expensive. In contrast, density measurements are inexpensive, can be made with a minimal capital
investment, and when combined with CHN analyses offer a powerful method to determine how plastic particles persist and transform in the marine environment.
Cataloging basic properties of individual plastic debris also addresses broader ecological questions. For example, our observed
decadal shift in particle form is comparable to recent studies on
seabird plastic ingestion, which suggest that there has been a shift
over the last two decades in the type, but not quantity, of consumed pelagic plastic debris (Vlietstra and Parga, 2002; Ryan,

Table 3
Mean and standard error for the size, mass, and density of plastics by latitude between 1991–1995 and 2004–2007.
Latitude (°)

40
35
30
25
20
15

Size (mm)

Density (g ml1)

Mass (g)

1990s
n = 392

2000s
n = 354

1990s
n = 396

2000s
n = 350

1990s
n = 381

2000s
n = 348

30.64 ± 8.86
9.72 ± 2.23
5.98 ± 0.46
8.01 ± 2.67
6.23 ± 2.47
4.76 ± 1.63

13.04 ± 3.75
3.83 ± 0.48
5.17 ± 0.42
3.33 ± 0.55
2.74 ± 0.71
4.15 ± 0.97

0.017 ± 0.006
0.012 ± 0.001
0.025 ± 0.005
0.012 ± 0.004
0.012 ± 0.003
0.005 ± 0.004

0.068 ± 0.054
0.008 ± 0.004
0.012 ± 0.002
0.004 ± 0.001
0.003 ± 0.001
0.010 ± 0.050

0.909 ± 0.011
0.957 ± 0.002
0.967 ± 0.004
0.958 ± 0.008
0.941 ± 0.016
0.944 ± 0.007

0.922 ± 0.016
0.955 ± 0.014
0.974 ± 0.002
0.945 ± 0.005
0.904 ± 0.041
0.911 ± 0.015
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As international plastic production continues to increase, it is
crucial not only to understand marine geographic distributions
and quantities of plastic, but also to consider the speciﬁc properties
of plastic particles themselves. This study establishes a robust
baseline for the size, mass, and composition of individual plastic
marine debris particles in the western North Atlantic. The large
spatial and temporal scales of this study offer compelling and unique insights into particle persistence and fate, potential debris
sources, and some of the broader consequences of plastic debris
on marine ecosystems.
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