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Abstract

The degradation and fragmentation of plastic debris into secondary microplastics pose significant environmental
challenges, particularly on beaches where mechanical abrasion and chemical weathering accelerate plastic fragmen-
tation. This study contributes to the understanding of secondary microplastic formation by addressing key questions
related to plastic embrittlement, mechanical behavior, and degradation processes. We investigate the brittleness

of polyethylene (PE) and polypropylene (PP) particles collected from Hawaiian beaches, focusing on their mechanical
and chemical degradation states. Conventional tensile testing methods are impractical for irregularly shaped, small
field-recovered particles. Therefore, we used a simple fragmentation test to evaluate brittleness under fixed applied
pressure, enabling large-scale statistical analysis of PE and PP samples from beach field surveys. We show that the brit-
tle samples have a very low molecular weight (Mw). Such low Mw, coupled with the appearance of oxidation prod-
ucts, suggests an advanced degradation state of the sampled plastics. Through our fragmentation test, we provide

a large-scale, field-based quantification of plastic brittleness in beach samples, underscoring an increased propensity
for further fragmentation and highlighting the severity of coastal and ocean plastic pollution.

Introduction

Numerical models have shown that even with an 80%
reduction in plastic inputs from 2020, surface ocean plas-
tic debris is projected to continue increasing until 2040
[1, 2]. Exacerbating this increasing input of ocean plastic
pollution is that the degradation of these legacy plastics
continues [1], leading to further fragmentation, abra-
sion, and breakdown into smaller fragments, generating
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secondary microplastics— plastic particles <5 mm
formed from the physical and chemical weathering of
larger plastics [3—-5]. The continuous influx of micro-
plastic fragments increases the bioavailability of plastic
particles to marine organisms [6, 7], ultimately jeopard-
izing the ecological integrity, cultural practices, wellbeing
and livelihood of communities reliant on healthy ocean
and coastal ecosystems. Thus, with the world currently
navigating the final negotiations of the Global Plastics
Treaty, it must prioritize stopping the flow of plastic into
the ocean while also addressing legacy plastic pollution,
particularly in accumulation hotspots [2]. Understand-
ing where, how and when legacy plastic fragments, can
inform targeted interventions such as beach cleanup
and open-ocean cleanup efforts (e.g. location, frequen-
cies and mitigation methods) and can provide a ’last
chance’ to remove plastics before they further degrade
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into the much more challenging secondary microplastics
(1, 8,9].

Notably fragmentation of plastic particles onshore
has been observed to be faster than in seawater due to
high temperature (heat-build up in the sand), high oxy-
gen levels, high exposure to solar radiation (due to little
vegetation coverage) and mechanical forces from waves
and sand movements, which accelerates the cracking and
fragmentation of plastic debris [10-12]. These transfor-
mations affect the mechanical properties and density of
plastic particles, influencing its transport, accumulation,
and buoyancy [13, 14]. Beaches, which are at the land—
ocean interface, are thus critical zones for understanding
factors driving secondary microplastic formation. Fur-
thermore, Hawai‘i, situated near the North Pacific Gar-
bage Patch, is heavily impacted by floating ocean plastic
pollution, with beaches receiving substantial amounts of
highly weathered plastic [15-19]. Hawaiian shores are
not only important hotspot of weathered ocean plas-
tic pollution, but also living ecosystems that form the
foundation of Hawai‘i’s identity and wellbeing. The risk
of continued microplastic inputs further threatens these
environments, disrupting ecosystems, cultural practices,
and community livelihoods. For example, loko i‘a (Hawai-
ian fishponds) are currently actively restored to revital-
ize traditional aquaculture practices, where fish feed on
nutrient-rich waters flowing from the land [20-22]. How-
ever, these same waters now carry microplastic pollution,
increasing the exposure of juvenile and coastal fish—
key to food security and cultural traditions—to perva-
sive and bioavailable plastic particles. To better assess
the current risk of beached plastics on Hawaiian shores
fragmenting into secondary microplastics, we examined
key polymer characteristics—such as brittleness and
degradation state—that influence their susceptibility to
fragmentation.

However, investigating the"brittleness"of plastics—
a key precursor to fragmentation— in the environ-
ment remains challenging due to the irregular shapes,
weathered conditions, and small sizes of environmen-
tal samples, which often fail to meet the requirements
for standardized mechanical testing [23]. Over 70 years
of polymer degradation research have established that
embrittlement of polymers, which is defined as the loss
of ductility and when they transition from ductile to
brittle materials, can be quantified by a critical molecu-
lar weight, commonly referred to as the critical molar
mass, Mc [24, 25]. Despite the fact that Mc does not
depend on the initial molecular mass, it is worth not-
ing that the Mt value depends on the experimental
characterization conditions, such as temperature or
loading rate. When the average molecular weight (Mw)
of a polymer falls below M, it becomes brittle; above
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this threshold, it remains ductile as can be confirmed
in stress—strain curves from standardized tensile test-
ing [24]. Semicrystalline polymers such as polyeth-
ylene (PE) and polypropylene (PP) have been shown,
through accelerated aging tests, to undergo a decrease
in Mw with aging due to oxidation, or UV-induced
oxidation [4, 10, 24, 26-29]. These chemical degrada-
tion processes lead to chain scissions (and thus lower
Mw) in the amorphous phase of the polymer, reducing
entanglements and increasing the crystalline phase due
to the thickening of crystalline lamellae driven by the
increased mobility of macromolecular chains—a pro-
cess known as chemicrystallization—leading to poly-
mer embrittlement [24, 30, 31]. Changes in crystallinity
ratio also influence the thickness of the amorphous
layer, which could serve as relevant factor in more
detailed studies of polymer fracture. A notable advan-
tage is that, regardless of a polymer’s initial state, chem-
ical aging typically causes a transition from ductile to
brittle, with Mt serving as a key measure of this change
and is therefore independent of the type of chemi-
cal degradation, initial molecular weight, or presence
of stabilizers in the polymer formulation [32-34]. For
PE Mt is 70 kg/mol, and for PP it is 200 kg/mol with
values derived from accelerated aging tests [24]. These
M values depends on the testing temperature, due to
the increase in mobility with temperature [35], and the
embrittlement criteria which is commonly the stand-
ardized tensile testing [23, 36]. While these principles
of embrittlement are well-established in controlled
conditions, their translation to environmental plastics
requires an approach that accounts for the impossibil-
ity to apply standard tensile testing methods directly on
environmental samples of plastic particles.

This study aims to advance the understanding of
secondary microplastic formation by addressing key
questions related to the mechanical and chemical deg-
radation of plastics on beaches. First, are the plastic par-
ticles found on beaches brittle or ductile? Conventional
mechanical tensile testing methods to test the brittle-
ness are impractical due to the small, irregular sizes of
field-recovered plastic particles. Therefore, a simple frag-
mentation test is employed to determine whether beach-
sampled plastic particles break or remain intact under a
fixed pressure, enabling the collection of a large dataset
for statistical analysis. Additionally, the study investigates
whether the brittleness of plastics correlates with the car-
bonyl index, a common measure of polymer oxidation
evolution on the surface of the material [37, 38]. Another
question explored is whether polymer embrittlement
under our fragmentation test is associated with low
Mw, providing a physicochemical perspective for under-
standing of the brittle plastics on beaches. The potential
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influence of brittleness on the size distribution of plastics
found on beaches is also examined.

We also critically reflect on our study which was con-
ducted on Native Hawaiian land, yet we did not involve
or inform the local communities about our research dur-
ing its initial phases. This oversight and subsequent con-
nections with a cultural practitioner, enabled us to reflect
more deeply on the cultural implications of our research
and recognize the potential harm caused by our initial
lack of engagement with the local communities. Draw-
ing from Liboiron et al. [39] concept of reconciliation
science, we integrate our reflections directly into the sci-
entific process rather than separating them into distinct
social science or opinion pieces. Through this lens, we
assess our research methods and findings in the Results
and Discussion section, with the hope to prevent further
harm and ensure our work is conducted with greater
respect for the cultural and environmental values of the
communities our work is intended to serve.

Methods

Study area

The field sampling for this study was conducted on
O‘ahu, the third-largest and most populated island
in the Hawaiian archipelago, located in the North
Pacific Ocean [40]. The three beaches selected for this
research—Kahuku (21°42709.0"N 157°57”36.0"W), Kok-
ololio (21°37"41.2"N 157°55’15.6"W), and Waimanalo
(21°20°06.0'N 157°41°45.6"W)—are all situated on the
island’s windward side, which is consistently exposed to
easterly trade winds. These trade winds generate short-
period waves year-round, contributing to the transport
and accumulation of marine debris. The location of
O‘ahu near the North Pacific Garbage Patch and the per-
sistent influence of the trade winds, result in the wind-
ward side being particularly vulnerable to the influx of
plastic debris [41-43]. The beaches were selected due to
their locations on the windward side of O‘ahu, and their
varying beach characteristics and plastic accumulation
patterns, with Kahuku known for accumulating the larg-
est amounts of plastics at the surface [41, 44], however
not buried [45].

Permits

The beach site at Kahuku was located just outside the
James Campbell National Wildlife Refuge, requiring a
permit to access. This permit was secured from the US
Fish and Wildlife Department prior to the commence-
ment of fieldwork and remained valid for the duration of
the study. No additional permits were necessary for plas-
tic removal activities on the beach, as confirmed by the
Department of Land and Natural Resources (DLNR) and
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the Division of Aquatic Resources (DAR), provided that
only plastic was removed.

Analysis of methods for reconciliation science

In our effort to align with reconciliation science as con-
ceptualized by Liboiron et al. [39], we critically reflected
on our methods through collaboration with cultural
practitioner Kimeona Kane. Reconciliation science, as
described by Liboiron et al. (and how we interpret it),
emerges from the recognition that scientific research
often perpetuates colonial frameworks and extractive
practices that often overlook or undermine local cul-
tural practices and culture-ecological interconnections.
This, together with our collaboration with Kane provided
guidance for how we reflected on our work in Hawai‘i,
especially after realizing that our initial methods failed to
adequately consider its cultural and ecological implica-
tions for the local Hawaiian community.

Beach plastic sampling

All sites considered in this study were sampled every
three months over 15 months, starting in November
2022, with subsequent samplings in February 2023,
May 2023, August 2023, November 2023, and February
2024. Sampling was carried out as we describe in detail
in Delorme et al. [45]. In summary, sampling involved
triplicate quadrats (60 X 60 cm) placed 10 m apart (meas-
ured from the quadrat centers) and aligned parallel to the
shoreline along the drift line (berm). The top 2 cm of sand
were excavated to collect surface debris (through float-
ing separation). Sand from successive 10 cm layers was
then excavated and floating debris was collected every 10
cm layers down to a depth of 102 cm. In total, 594 sam-
ples were collected across 11 depth layers, six sampling
events, three beaches, and three quadrats per beach. It
should be noted that only buoyant polymers were recov-
ered using the Buoyancy Separating Device (BSD) in the
field to separate the plastic from the sand using seawater.
However, as noted in Brignac et al. [41], > 90% of particles
recovered on the windward side of O‘ahu are less dense
plastic materials and buoyant plastics. Thus it should be
noted that the occasional detection of denser polymers
(e.g., Nylon and PVC) does not accurately reflect their
true environmental frequency.

Plastic sampling processing

The mesh bags (250 pm) with the floating debris col-
lected per stratified layer were air-dried indoors for at
least a week after collection, after which samples were
sieved through a 500 pm stainless steel sieve to remove
smaller particles. The plastic debris was manually and
visually separated from the natural debris and the plas-
tic debris was then laid out on a blue background sheet

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Delorme et al. Microplastics and Nanoplastics (2025) 5:25

alongside a reference coin of 37 mm diameter and were
photographed from a 1 m distance with a resolution of
at least 10 pixels in diameter, with roughly a Ground
Sampling Distance of 0.1 mm/pixels. The image was pro-
cessed using the Segmentation Model developed by The
Ocean Cleanup, where the model workflow is described
by Royer et al. [46]. This model classifies each plastic
particle into four classes (hard fragment, pellet, line,
and foam), into 13 colors (black, white, blue, green, red,
orange, salmon, yellow, lightblue, lightgreen, indigo, tur-
quoise, and lightgray), and measures the size of the par-
ticles (minimum and maximum length), among other
things.

Polymer identification

Attenuated Total Reflectance/Fourier Transform Infrared
spectroscopy (ATR/FTIR) was used to determine the bulk
polymer identity of sampled plastic particles collected
during field surveys. Sample sizes ranged from 0 to 2,079
particles per layer sampled in the sand-column. When a
sample contained more than 60 particles, a random sub-
set of 60 particles was selected for polymer identification
analysis. This threshold was determined based on FTIR
analysis of four subsample sets, totaling 680 particles.
The results showed that randomly selecting 60 particles
provided a 95% match to the overall polymer distribution,
ensuring sample representativeness [45]. The background
and sample spectra were recorded between 4000 cm™
and 550 cm ™! with a resolution of 4 cm™ and 16 scans on
a Nicolet iS5 FTIR spectrometer equipped with an iD5
ATR module. The main peaks in the spectra were identi-
fied, using the OMNIC™ Spectra Software, to determine
the functional groups present and establish the polymer
identity, following the method described by Jung et al.
[47]. For samples requiring further verification or those
that could not be identified manually, spectral libraries
within the OMNIC"™. Spectra Software were consulted,
provided the search score was >0.90 (on a scale from 0 to
1). Samples that remained unidentified after these steps
were labeled as Unl (Unldentified).

Carbonyl index

The carbonyl index (CI) was calculated following the
method described by Almond et al. [37] and Celik et al.
[38], using the Specified Area Under Band (SAUB)
technique. Accordingly, the CI as calculated from the
ratio of the integrated band absorbance of the car-
bonyl absorption band (1850-1600 cm™) relative to
the methylene scissoring peak (1500-1420 cm™), as
expressed by Eq. 1. The areas for both the carbonyl and
methylene bands were extracted using the peak analysis
tool in Spectragryph 1.2 spectroscopy software (Frie-
drich Menges, Oberstdorf, Germany). To minimize
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manual error and bias, baseline corrections were stand-
ardized to "y =0" using Spectragryph 1.2, as described
by Celik et al. [38].

_ Integrated Carbonyl Band Area (1600 — 1850 cm_l)
" Integrated Methylene Band Area (1420 — 1500 cm 1)
(1)

Analysis of brittle vs ductile under ATR/FTIR pressure

For the 16,322 plastic particles that were analyzed using
ATR/FTIR analysis we noted whether each particle
fractured or remained intact under applied ATR pres-
sure by visual inspection and labeled them as “brittle”
and “ductile’, respectively. The standard ATR/FTIR
analysis involves pressing the sample using a pres-
sure tower equipped with either a concave tip or a flat
surface tip. In our case the ATR was equipped with a
smooth concave tip of 4 mm diameter. In conventional
ATR/FTIR instruments, the applied pressure is set
within the pressure device so that it stops automatically
via a slip clutch mechanism to prevent over-pressuri-
zation and ensure reproducibility with consistent pres-
sure on all the samples analyzed [48]. As we collected
the IR spectra, the pressure knob was always tightened
until the audible click was heard, indicating that the
preset maximum pressure had been reached. Samples
that fracture under this applied load were labeled as
brittle, while those that did not were labeled ductile.
This setting was consistent for all samples analyzed
under the ATR/FTIR. An image of the ATR module
used in our study is shown in Figure S1 in the SI.

To determine the pressure exerted by the ATR/FTIR
pressure tower on the sample, we measured the resist-
ance experienced when the preset pressure was applied
using a Fluke 83 multimeter and resistance sensors
from Ohmite Force Sensing Resistors (type: FSR07).
We used four sensors and measured the resistance five
times per sensor, the resistance values recorded dur-
ing each test were averaged to obtain the mean resist-
ance for each sensor and the results are summarized
in Table S2 in the SI. The force exerted by the ATR
tip was then calculated through calibration curves,
generated using an Instron machine and equipping it
with a 4 mm concave screw. Two sensors were used to
measure the resistance felt at different known applied
pressures. From the calibration curves (Figure S2), we
calculated the force and pressure applied of the ATR
pressure tower. We calculate a 4.5 Newton force, thus
1.1 MPa on a 4 mm?2 diameter area. For comparison,
this pressure is similar to the force exerted by a finger-
tip pressing on hard surfaces [49].
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Data analysis

To evaluate the influence of polymer type (PP and PE)
and fragmentation state (brittle and ductile) on particle
size, a two-way analysis of variance (ANOVA) was con-
ducted. The fixed effects in the model were polymer type
(PE or PP) and fragmentation state (brittle or ductile),
with their interaction term also considered. The ANOVA
model was designed to assess how particle size varied
with polymer type and fragmentation state, as well as to
determine whether the interaction between these factors
was significant. Residual variance was assessed as part of
the model fit, ensuring that the differences in particle size
could largely be attributed to the main effects and their
interaction. All statistical analyses were performed using
R software (version 2024.04.2), with the ANOVA con-
ducted using the Car package to evaluate the significance
of the fixed effects.

Gel Permeation Chromatography

Gel Permeation Chromatography (GPC) was used to
analyze the chain length distribution and obtain the
Mw of a subsample of 17 PE and PP particles, randomly
selected from a field sampling conducted on 25/02/2023
at Kokololio Beach. The selected particles included four
ductile PE particles, five brittle PE particles, four duc-
tile PP particles, and four brittle PP particles. For each
sample, approximately 20 mg of particle was dissolved
in stabilized trichlorobenzene (TCB) at 160 °C for two
hours. The solution was then injected into a GPC system
equipped with a set of two 8.0 mm X300 mm Agilent
Mixed-B ID columns at a flow rate of 1 ml/min. The anal-
ysis was performed at a temperature of 150 °C, and a dif-
ferential refractive index detector was used for detection.
Calibration was carried out using narrow polystyrene
standards across a molar mass range of 500 to 80,000,000
g/mol. The standard error of the experiment was 5% for
Mw values.

Results and discussion

Fragmentation of sampled plastic particles

A total of 77,033 plastic particles were recovered from
594 samples collected across three beaches—Kahukuy,
Kokololio, and Waimanalo. This resulted in the FTIR/
ATR analysis of 16,322 particles, for which we recorded
whether each particle was brittle or ductile under the
applied pressure of the ATR pressure tower. Of the
16,322 particles analyzed, 89% were classified as brittle.
The distribution of particle counts, polymer identifica-
tion, shape, and size for the entire sample collection can
be found in Delorme et al. [45]. For this study, we focused
on PE and PP particles, which accounted for 92% (15,061
particles) of the total sample, to explore the correlation
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between brittleness in these semi-crystalline materi-
als whose embrittlement have been extensively studied
in laboratory settings [24, 25, 30, 31] and also represent
the majority of plastics found on Hawaiian east-facing
beaches [41]. The percentages of brittle and ductile PE
and PP particles under ATR pressure are summarized in
Table 1 (see Table S2 in the SI for details on all polymers
identified in our analysis).

This relatively low pressure (1.1 MPa) caused a signifi-
cant number of particles to fracture during ATR/FTIR
analysis, indicating that 91.8% and 92.6% for PE and PP
particles, respectively, would fracture under this pressure.
This finding aligns with our field sampling using the Seg-
mentation Model, which revealed that 93% of recovered
particles were small fragments, with mean sizes ranging
from 5.4 to 7.9 mm [45], highlighting their potential for
further fragmentation into smaller particles in dynamic
coastal environments.

Analysis of brittleness-inducing properties

To assess the correlations of brittleness with the CI,
Mw and their sizes of the sampled PP and PE particles,
we investigated a subsample of 17 PE (n=9) and PP (n
= 8) samples, including both brittle and ductile parti-
cles, focusing on their physicochemical traits that might
related to their extent of oxidation, weathering and links
to their observed brittleness. Images of the 17 analyzed
particles are summarized in Table S3 in the SIL.

Infrared spectroscopy analysis
PP and PE undergo chemical changes when exposed to
environmental stressors such as UV radiation and oxy-
gen, leading to the formation of various degradation
products. These chemical changes can be observed in
their infrared spectra. For example, weathered samples
often exhibit a broad peak in the carbonyl region indicat-
ing the presence of oxidation products such as lactones,
esters, ketones, and carboxylic acids [50-52]. Such peaks
were also present in the spectra of PP and PE samples
collected on the beaches, as illustrated in Fig. 1.

Figure 2 shows the calculated CI values for the 17 ana-
lyzed PE (n= 9) and PP (n= 8) samples. Samples that

Table 1 Percentages and counts of PE and PP particles collected
on Hawaiian beaches that were determined as brittle or ductile
under ATR pressure (4.5 N over 4 mm?)

Polymer ID Brittle/Ductile Count Percentage of
Polymer ID

PE Brittle 9804 918

PE Ductile 880 82

PP Brittle 4055 92.6

PP Ductile 322 74
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Fig. 1 FTIR spectra of collected plastic samples from field sampling. (@) PP samples and (b) PE samples, showing absorbance across wavenumbers
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Fig. 2 The Cl for the 17 subsampled PE and PP particles, calculated from the ratio of the integrated band absorbance of the carbonyl absorption
band (1850-1600 cm™) relative to the methylene scissoring peak (1500-1420 cm™) in the respective ATR/FTIR spectra. Samples that were ductile
under ATR pressure are represented by blue bars and those that were brittle are shown as red bars

were ductile under ATR pressure are represented by blue
bars, while those that were brittle are shown as red bars.
The CI ranged from 0.74 to 0.30 for PE particles and
0.68 to 0.25 for PP, this is similar ranges that Celik et al.
[38] reported for their samples collected from the west
coast of the Sea of Japan (although they use a slightly
smaller window of 1650-1850 cm ™). No clear trend is
observed between CI and whether particles are brittle
or ductile. This absence of correlation may be partly due
to the nature of the measurements, as fracturing under
pressure captures both surface and interior material,
which may have undergone different extents of weath-
ering and oxidation. Another explanation is that while
CI serves as an indicator of oxidation, it does not fully
capture the overall degradation state of the polymer. For
example, a high CI may reflect extensive oxidation but
does not necessarily correspond to a low chain length,

as chain length is influenced by both the polymer’s ini-
tial molecular structure and the extent of degradation
[24, 30-32, 34]. These same 17 samples were subjected to
GPC analysis in order to investigate the chain length and
molecular weight of the polymers.

GPC analysis

GPC is commonly used to assess changes in molecu-
lar chains in polymers subjected to aging and weather-
ing; however, its application to field-recovered samples
remains limited. The results of the GPC analyses for PP
and PE particles that were brittle or ductile under the
applied pressure are shown in Fig. 3.

From Fig. 3 we can see that, for both PE and PP, the
brittle particles are at higher elution times than the duc-
tile particles indicating shorter chains. From the GPC
response we can determine the Mw, which represents the
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Fig. 4 Mw derived for (a) PE and (b) PP particles that are ductile (blue bars) and brittle (red bars). The Mt of PE (70 kg/mol) and PP (200 kg/mol)

is shown as a dashed line [24]

average molecular mass of polymer chains weighted by
their mass [25]. Crosslinking increases Mw while chain
scission decreases Mw by breaking polymer chains into
smaller chains [24]. Figure 4 shows the Mw determined
from the GPC results for the PP and PE particles.

For both polymers a wide range of Mw values spanning
from 280 kg/mol to 7 kg/mol, is observed from Fig. 4.
These results highlight the presence of a variety of molec-
ular weights among the sampled PP and PE particles
from the Hawaiian beaches. As a comparison Ceccarini
et al. [53], reported Mw values ranging from 73.4 to 173.4
kg/mol for PE, PP and PS samples collected from beach
sediment collected in Tuscany, Italy. While polymer
production naturally yields a broad range of Mw values,
unweathered PE and PP used in commercial applications
typically exhibit Mw values above 50 kg/mol [24, 25, 32—
34]. In our dataset (1 =17), four of nine PE samples (44%)
and four of eight PP samples (50%) showed Mw values
below 50 kg/mol. Furthermore, five PE samples had Mw

below the critical molar mass (Mt) of 70 kg/mol, and five
PP samples fell below Mc for PP, defined as 200 kg/mol.
Notably, we measured minimum Mw values of 14 kg/mol
for PE and 7 kg/mol for PP. To our knowledge, such low
Mw values have not been reported for plastics collected
in the environment. While these 17 particles represent
a targeted subset selected to investigate the Mw of duc-
tile and brittle samples, 92% of all collected particles in
our broader dataset were classified as brittle—and brit-
tle particles tended to have lower Mw. Thus, we could
expect that a significant proportion of plastics present on
Hawaiian beaches also exhibit low molecular weights.
Furthermore, for both PE and PP samples the higher
Mw appear to exhibit ductile behavior whereas samples
with the lower Mw are brittle. Thus, the embrittlement of
polymers appears to be linked to their Mw values, which
is consistent with findings from previous laboratory
studies [24, 25, 36]. In Fig. 4, the black dotted line repre-
sents the Mt value determined in laboratory-controlled
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Fig. 5 Whiskers plot of plastic particle maximum lengths for (a) PE and (b) PP particles that were brittle (red) or ductile (blue). The plot shows
the distribution of particle max lengths across each group. Note that the y-axis is in pseudo-log scale

accelerated aging experiments, using standardized
mechanical tensile testing [24, 25, 32-34, 36]. For PE
(Fig. 4a), all brittle samples fall below this value, while all
ductile samples fall above it. However, for PP (Fig. 4b),
the brittle particles exhibit significantly lower Mw val-
ues than the laboratory-derived Mc. This discrepancy
may stem from differences in brittleness criteria (our
assessment is based on an arbitrary pressure), variations
in crystalline structure, or the specific PP composition
(e.g., homopolymer, random copolymer, or block copol-
ymer, with block copolymers being more ductile than
homopolymers). Further investigation is needed to clar-
ify these factors. Additionally, a broader Mw distribution
in the ductile PP samples could also contribute to the
observed differences, for instance, in Fig. 3b, the wider
curve suggests a more extensive Mw distribution, which
may influence the mechanical properties of the material.
The advanced degradation, coupled with dynamic coastal
conditions such as wave action, sediment abrasion, and
wind, creates an environment that favors fragmentation
of already brittle material and thus continuous formation
of secondary microplastics.

Fragmenting state and size of particles

Given that fragmentation is a key pathway for secondary
microplastic generation, with smaller particles result-
ing from the breakdown of larger debris [4, 5, 54, 55] we
investigate the correlation between particle size and their
brittleness. The particle maximum lengths, determined
using the Segmentation Model (the sizes were measured
before the ATR/FTIR analysis), of all 15,061 PP and PE
particles that were brittle and ductile are summarized in
Fig. 5.

Figure 5 shows the mean maximum length for brit-
tle particles being smaller than the ductile particles. The
mean maximum length of brittle PE particles is 8.5 £10.7
mm, while for brittle PP particles, it is 7.7 +9.1 mm. In
contrast, the ductile PE particles had a mean maximum
length of 20.0 +25.6 mm, and the ductile PP particles had
a mean maximum length of 22.8 +28.2 mm. Figure 6 fur-
ther illustrates the size distribution of PP and PE particles
across brittle and ductile groups. To enable meaningful
density plots and determine relative frequencies, parti-
cle sizes were grouped into size classes (bins) by round-
ing maximum lengths to the nearest 0.1 mm. The density
plots reveal that brittle particles exhibit a more compact
size distribution, with a pronounced peak at smaller
particle sizes. In comparison, ductile particles display a
broader distribution, with peaks at slightly larger sizes
and lower relative frequencies. It is worth noting that
the smaller size of brittle particles may result from more
advanced degradation leading to fragmentation, or it
could indicate that the brittle/ductile transition meas-
ured through our method could be influenced by particle
size. In our ATR measures, the loading conditions were
kept constant across samples to reduce the impact of par-
ticle size on the measurements.

The ANOVA results further reinforce these obser-
vations, revealing statistically significant differences
between particle sizes and fragmentation state (F
=1211.78, p< 0.001), with brittle particles being signifi-
cantly smaller than ductile ones. The correlation between
size and brittleness observed in our study suggests that
more degraded polymers, which are more brittle, tend to
be smaller in size. These findings align with the expecta-
tion that more brittle and weathered plastics are more
susceptible to fragmentation and thus form smaller

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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particles [3, 10], highlighting the important role of weath-
ering processes in shaping particle size distributions.
Additionally, our analysis reveals a statistically significant
main effect of polymer type on particle size (F =19.89, p<
0.001) indicating that overall particle sizes differ between
polymer types (PE or PP). Further research is currently
being conducted on expanding the understanding of the
size-fragmentation relationship, particularly by investi-
gating how environmental factors such as UV radiation,
mechanical stress, and exposure to different weathering
conditions influence this relationship.

Reconciliation science and the path

towards an understanding of plastic pollution risks

to Hawaiian shores

Our research, which involved excavation of beaches
risked causing unintentional harm in disturbing iwi
(ancestral remains) [56]. This realization emerged only at
the later stages of the research when Delorme connected
with Kanaka ‘Oiwi (Native Hawaiian) leader and cultural
practitioner, Kimeona Kane. Although we argue that the
immense burden of plastic pollution in Hawai‘i is very
disruptive —causing ecological harm and interrupting
ways of life—we must also confront the possibility that
our research methods might be equally, if not more, dis-
ruptive. Such unintended harms are not isolated to this
study but reflect a broader historical pattern in West-
ern research approaches across Hawai‘i and Moana Nui
(the Pacific). This pattern illustrates a systemic tendency
in Western scientific inquiry to position cultural con-
siderations as secondary to environmental data [57]. As
Alegado [58] points out, in the context of the contested
construction of a thirty-meter telescope on Mauna Kea,
“in our excitement to herald new avenues of research,

we must ensure that we are doing so within appropriate
bounds”” This call underscores the importance of ethical
science that is responsive to the intricacies of societal and
cultural contexts. Alegado [58] further reminds us, “No
field of science exists outside the sphere of culture”

When scientific inquiry is detached from cultural con-
siderations, it risks causing harm [59]—not only through
its methods but also by sidelining the lived realities,
worldviews, and true impacts on the places it studies.
Our study initially focused on environmental metrics,
isolating plastic particles from the sand column to assess
them as indicators of plastic pollution and hence envi-
ronmental degradation. However, Hawai‘i’s beaches are
more than environmental sites,they are deeply intercon-
nected with cultural practices, livelihoods, and identity.
The increasing burden of plastic pollution disrupts these
relationships— from declining populations of Pe‘eone
(marbled mole crabs), once abundant in the sand column
and used as bait in subsistence fishing, to the contami-
nation of loko i ‘a (Hawaiian fishponds) and the erosion
of food sovereignty. The loss of species, practices, food
systems, are not just a loss of a single species, practice or
food; it is a loss of relational knowledge and the cultural
practices embedded in their use. Yet, as long as we pur-
sue an illusion of “unbiased” or “objective” science [60],
we risk overlooking these deeper connections, failing to
fully understand or address the impacts of plastic pollu-
tion on both ecosystems and the communities that rely
on them.

As Ngata & Liboiron [61] argue, the solution is not
simply"more and better science"—such as researching
histories, cultures, or conducting additional studies on
the impact of plastic pollution on sand turtles. Rather,
it might require scientists to apply the same critical
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curiosity they use within their disciplines to question the
perceived neutrality and universality of their frameworks
[62]. This includes recognizing Western science’s histori-
cal role in the erasure and marginalization of Indigenous
knowledge systems, its complicity in unethical, non-con-
sensual research on Indigenous peoples, and its ongo-
ing benefit from access to Indigenous lands, knowledge,
and communities without proper consent [63]. Another
pathway is to also acknowledging that knowledge is con-
textually rather than universally relevant fosters a deeper
appreciation for diverse knowledge systems. Such rec-
ognition is particularly important in research on global
challenges like pollution and climate change, where
longstanding Western dominance has often imposed
research agendas and priorities that fail to align with
the lived experiences and cultural values of Indigenous
Peoples—who disproportionately bear the burden of all
three crises within the "triple planetary crisis" [62].

Our research has shown the reality that a significant
portion of plastic particles on the shores of Hawai‘i are
brittle, making them prone to further fragmentation.
Measuring plastic brittleness helps us understand where
and how secondary microplastics are generated, ulti-
mately to guide mitigation efforts. However, to ensure
that science and mitigation actions truly serve the com-
munities most impacted by pollution equitably, we must
also confront the systemic inequities embedded in sci-
entific research itself. Science must serve—not side-
line—communities. This shift calls for integrating and
empowering Indigenous scientists and communities,
who already hold critical knowledge and solutions, to
lead the way and (re)design existing systems of scientific
knowledge [61].

Conclusion

Our findings indicate that 92% of the particles ana-
lyzed exhibited brittleness under a small applied pres-
sure, making them prone to further fragmentation into
secondary microplastics. This brittleness was associ-
ated with low Mw values, with values as low as 14 kg/
mol for PE and 7 kg/mol for PP. Such low Mw values,
combined with the presence of oxidation products, sug-
gest advanced polymer degradation. To our knowledge,
these low Mw values have not been previously reported
for plastics collected in the environment. Particles clas-
sified as brittle in our method were smaller than their
ductile counterparts, highlighting the potential role
of fragmentation in particle size distribution. Overall,
this study confirms our understanding of secondary
microplastic formation by linking polymer embrittle-
ment to reduced chain length and degradation. By
investigating the embrittlement behavior of naturally
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aged plastics in Hawai‘i’s coastal environments, we
highlight the substantial risks posed by degraded, brit-
tle plastics in dynamic beach systems—particularly in
regions like Hawai‘i, which receives a significant influx
of highly weathered plastic. Through this study, we aim
to emphasize the urgency of considering legacy plas-
tics in ongoing global negotiations to prevent further
exacerbation of plastic pollution’s burden on Hawaiian
communities. We also acknowledge that to truly under-
stand the impacts of plastic pollution and to develop
sustainable, equitable, and just solutions, scientific
research must also reflect on its own practices. We rec-
ognize that reconciliation science is not a solution in
itself, nor is it an endpoint. Rather, it is an ongoing pro-
cess of reflection—one that requires naming our mis-
steps and failures, interrupting ingrained habits, and
actively (un)learning from them [64]. Incorporating
these reflections into our research is an opportunity for
growth and improvement, ensuring that future studies
are more inclusive of cultural and ecological contexts as
well as diverse ways of knowing.
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