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• Measuring microplastic contamination in
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• Tenfold microplastic abundance in glacier
exploited for human activities
• Polymeric composition of microplastics
depends on presence of local sources.
• No evidence of spatial gradients in
microplastic distribution within each
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A B S T R A C T

Microplastic (MP) contamination is ubiquitous and widespread in terrestrial and aquatic ecosystems, including remote
areas. However, information on the presence and distribution of MPs in high-mountain ecosystems, including glaciers,
is still limited. The present study aimed at investigating presence, spatial distribution, and patterns of contamination of
MPs on three glaciers of the Ortles-Cevedale massif (Central Alps, Northern Italy) with different anthropic pressures,
i.e., the Forni, Cedec and Ebenferner-Vedretta Piana glaciers. Samples of supraglacial debris were randomly collected
from the glaciers and MPs were isolated. The mean amount (±SE) of MPs measured in debris from Forni, Cedec and
Ebenferner-Vedretta Piana glaciers was 0.033 ± 0.007, 0.025 ± 0.009, and 0.265 ± 0.027 MPs g−1 dry weight, respectively. The level and pattern of MP contamination from the Ebenferner-Vedretta Piana glacier were signiﬁcantly
different from those of the other glaciers. No signiﬁcant spatial gradient in MP distribution along the ablation areas
of the glaciers was observed, suggesting that MPs do not accumulate toward the glacier snout. Our results conﬁrmed
that local contamination can represent a relevant source of MPs in glacier ecosystems experiencing high anthropic
pressure, while long-range transport can be the main source on other glaciers.
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1. Introduction

et al., 2020). Although some studies have investigated the presence and
the role of atmospheric transport in determining the MPs contamination
of glaciers, none has focused on the contribution of local anthropic sources
of contamination. For all the reasons mentioned above, exploring the contamination levels and the fate of MPs on glaciers with different anthropic
pressure represents a priority in environmental studies to shed light on
the overall plastic cycle in freshwaters.
The present study aimed at investigating and comparing presence, spatial distribution and pattern of MPs contamination on three glaciers of the
Ortles-Cevedale massif (Central Alps, Northern Italy) with different anthropic pressure, such as: the Forni, Cedec and Ebenferner-Vedretta Piana
glaciers. Considering the potential contribution of local anthropic activities
to MP contamination, we expected that the MP contamination of
Ebenferner-Vedretta Piana glacier, characterized by the presence of a ski
area, differs from that of the other glaciers. Furthermore, we expected
that the pattern of contamination, in terms of MP size, shape and polymeric
composition, would differ among the glaciers because of the additional contribution of local activities to atmospheric transport.

Microplastic (MP; i.e., any plastic item in the 1 to <1000 μm size range;
Hartmann et al., 2019) contamination has been identiﬁed as a hot topic in
environmental studies because of its ubiquitous presence in both aquatic
and terrestrial ecosystems worldwide, as well as its potential toxicity toward organisms (Triebskorn et al., 2019). A wide array of MPs with different sizes, shapes, and polymeric compositions has been found in the
atmosphere (Can-Güven, 2021) and in marine (Horton and Barnes,
2020), freshwater (Bellasi et al., 2020), and terrestrial (Rillig and
Lehmann, 2020) ecosystems. While most of these studies have investigated
MP contamination near populated areas (Shahul Hamid et al., 2018), recent
monitoring surveys have demonstrated the presence of these contaminants
also in the so-called remote areas, including the deep sea, Arctic and
Antarctica (Shahul Hamid et al., 2018; González-Pleiter et al., 2021). In
addition, high-mountain ecosystems and glaciers have not escaped MP contamination, as demonstrated by the presence of MPs in water and shoreline
deposits from high-altitude lakes (Free et al., 2014; Zhang et al., 2016),
soils, and residual snow from different areas in the Alps (Bergmann et al.,
2019; Parolini et al., 2021; Scheurer and Bigalke, 2018) and the Himalayas
(Napper et al., 2020), as well as in supraglacial debris from an Alpine glacier (Ambrosini et al., 2019). Because of the few studies available, glaciers
still represent a research gap in worldwide MPs distribution, since they act
as sinks of these contaminants (Peeken et al., 2018; Zhang et al., 2019). The
main pathway of MPs to high-mountain ecosystems has been identiﬁed in
atmospheric transport and wet deposition (Allen et al., 2019; Zhang et al.,
2020), as documented by the presence of MPs in snow samples collected
far from populated areas such as the Tibetan Plateau (Zhang et al., 2021),
Western Italian Alps (Parolini et al., 2021), Mount Everest (Napper et al.,
2020), and Andes (Cabrera et al., 2020; Cabrera et al., 2022). The intrinsic
chemical-physical properties of MPs (e.g., size, weight, density, and persistence), coupled with the complex topography of mountain regions, the resulting meteorological conditions, and local ﬂows, such as mountainvalley breezes, play a crucial role in scattering MPs on glaciers (Zhang
et al., 2021). Moreover, local sources due to anthropic activities can be considered additional contributors to the MP contamination of glaciers. Indeed, mountaineering and skiing activities can contribute to plastic
contamination, as technical equipment is often made from plastic and can
be abandoned on glaciers in an emergency or deliberately (Ambrosini
et al., 2019). For instance, a great amount of waste (plastic and oxygen bottles, food wrappers, cigarette butts) has been collected at the base camp of
Mt. Everest in 2019 (Napper et al., 2020). Similarly, in the Italian CentralWestern Alps, macroplastic items mainly deriving from food packaging
and mountaineering equipment have been collected on ﬁve glaciers along
normal access paths to different summits (Parolini et al., 2021). Once on
glaciers, plastics undergo weathering processes, including mechanical
(erosion, abrasion), chemical (photo-oxidation, hydrolysis) and biological
(degradation by microorganisms) modiﬁcations (Andrady, 2017), which
represent an additional, local source of MPs on glaciers. Indeed, a recent
study suggested that the breakage of plastic waste left behind from expeditions (e.g., tents, ﬁxed ropes, and waste) represents a source of MPs in the
snow collected along the normal access path to Mt. Everest (Bishop and
Naumann, 1996; Napper et al., 2020). In addition, some glaciers host ski
areas visited by a large number of tourists (skiers, but also mountaineers)
also during the spring-summer season. The wear (or abandonment) of
equipment, technical clothing, and food packaging, as well as the management operations of ski slopes (e.g., piste machines, safety nets) and ski lifts
can contribute to contamination by large-sized plastics and MPs. Thus, different glaciers can suffer a variable anthropic pressure, depending on the
tourist ﬂux on their surface, which can result in different MP contamination. Generally, information about plastic contamination on glaciers remains scarce, and the magnitude of the related environmental impacts is
yet to be assessed (Allen et al., 2019; Zhang et al., 2020). Indeed, due to glacier melting, MPs might be released into watercourses (Zhang et al., 2019)
causing adverse effects on aquatic organisms, but the potential increase in
MP contamination caused by this process remains uncertain (Cabrera

2. Material and methods
2.1. Field methods
Sampling was performed on three different valley glaciers of the OrtlesCevedale massif, in the Stelvio National Park (central Italian Alps), namely
the Forni glacier (coordinates 46° 23′ 32″ N, 10° 35′ 28″ E), the Cedec
(coordinates 46° 27′ 00″ N, 10° 36′ 22″ E) and the Ebenferner-Vedretta
Piana (coordinates 46° 30′ 47″ N, 10° 27′ 47″ E) (Fig. 1). Although these
glaciers are rather close to each other (maximum ~16 km) and are
100–135 km away from populated cities (e.g., Brescia, Bergamo, Verona,
and Vicenza), they differ in the levels of anthropic pressure. Indeed, all
these three glaciers are visited by tourists during spring (e.g., for ski mountaineering) and summer (e.g., for mountaineering and alpinism), furthermore, the anthropic pressure on the Ebenferner-Vedretta Piana glacier
comprises also a ski slope used during spring and summer. The recreational
exploitation of the Ebenferner-Vedretta Piana glacier has been occurring
since 1930, although from the 1980s it is mostly accessed by professional
or junior élite athletes (Praolini et al., 2017).
Samples of supraglacial debris (i.e., from cryoconite and dirt cones)
were collected during summer 2019 and 2020 on the ablation area of the
Forni, Cedec, and Ebenferner-Vedretta Piana glaciers. On the Forni glacier
(July 27th, 2019), samples were collected at 15 points randomly chosen
on the ablation area. Prior to sampling, we identiﬁed the sampling locations
using the function Create Random Points of ArcMap (Environmental Systems
Research Institute, Inc.), constraining the area of choice to the glacier
ablation area and excluding the central supraglacial moraine. Each exact
sampling location was reached on the glacier using a GPS (Garmin eTrex
20). The same procedure could not be applied on Cedec (September 19th,
2019) nor on Ebenferner-Vedretta Piana (August 19th, 2020) because the
snow cover found on those glaciers on the day of sampling largely reduced
the extent on which sampling could be conducted. On the EbenfernerVedretta Piana glacier, sampling could be performed along a snow-free
transect on the eastern side of the glacier, while on the Cedec glacier it
was conducted opportunistically in snow-free areas.
At each sampling point, supraglacial debris was collected using a metal
spoon and transferred to glass jars topped with aluminium foil. Both the
spoon and glass jars were previously washed with acetone to remove potential contamination. In addition, to check for a potential contribution from
the sampler's equipment to MPs contamination, samples from the Forni glacier were collected following three different approaches. Five samples were
collected by an operator wearing a cotton surgical gown and wooden clogs,
according to the procedure described in Ambrosini et al. (2019); ﬁve samples were collected wearing a cotton surgical gown and mountain boots,
and ﬁve samples were collected wearing technical mountain clothes
(made of synthetic fabrics) and mountain boots. The procedure used for collecting each sample was chosen at random. Sediments from the Ebenferner2
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Fig. 1. Location of Cedec (yellow), Ebenferner–Vedretta Piana (red), and Forni (dark green) glaciers in the Central Italian Alps.

dried debris by adding 300 mL of a saturated sodium chloride solution
(NaCl solution, density = 1.2 g cm−3) in a glass beaker. After 15 min of
shaking with a magnetic stirrer, the suspension was transferred in a separation funnel and left to settle overnight. The debris at the funnel bottom was
removed and the residual organic matter in the upper phase solution
(100 mL) was digested overnight by adding 100 mL of hydrogen peroxide
(H2O2) solution (30 %). Then, the solution was ﬁltered on cellulose
ﬁlters (StonyLab, pore size 1 μm; Ø = 47 mm) through a water-jet pump.
The separation funnel was rinsed three times with ﬁltered ultrapure
water (20 mL for each wash) and the washing aliquots were ﬁltered on
the same ﬁlter used for the sample. The ﬁlters were placed in glass Petri
dishes (Ø = 50 mm) and dried in a desiccator for 48 h. Five samples
(i.e., a batch) of supraglacial debris were processed simultaneously. A procedural blank was run with each batch of samples, processing 300 mL of ﬁltered NaCl solution as described above. To check for the potential aerial
contamination of the laboratory, we placed a cellulose ﬁlter on aluminium
foil close to the equipment used during the whole analytical procedure, as
suggested by Winkler et al. (2020).
Visual inspection of cellulose ﬁlters obtained after processing environmental samples, procedural and laboratory blanks was performed under a
Leica EZ4W stereomicroscope to isolate putative MPs, which were handpicked and laid on silver metal membrane ﬁlters (Sterlitech; pore size 0.8
μm, Ø = 13 mm) with stainless pins into glass Petri dishes. The detection
and isolation limit of putative MPs through the preliminary visual inspection of ﬁlters was 20 μm in size. A picture of each ﬁlter was captured for
measuring the size (i.e., the maximum length) of each item through the
freeware software ImageJ Fiji (Schindelin et al., 2012), as described in
Parolini et al. (2021). In addition, to support inter-comparability of studies
(Provencher et al., 2017), items isolated form the ﬁlters were grouped according to their shape in two main categories i.e., fragments and ﬁbres.
No pellets and ﬁlms were found. Items were also categorized according to
their colour. A Munsell chart was used to speciﬁcally assign a colour to
each item, which fell into one of the eight broad colour designations
(i.e., white-transparent, grey-silver, black, blue-purple, green, orangebrown, red-pink, and yellow), using colour gradients to determine a light
or dark tone classiﬁcation (Verlis et al., 2013). Eight items were found in
the procedural blanks (with a maximum of 3 ﬁbres per ﬁlter), while none
on ﬁlters used to control for the laboratory aerial contamination. However,
the polymer identiﬁcation showed that these ﬁbres were made by cellulose.
Polymers were identiﬁed through Fourier Transformed Infrared (FTIR)
microscopy (μ-FTIR) using a Nicolet iN10 MX Infrared Imaging Microscope
(Thermo Scientiﬁc, Waltham, MA, USA) controlled by OMNIC™ Picta software (Thermo Scientiﬁc, Waltham, MA, USA). Analyses were performed in
reﬂection mode within a wavenumber range of 4000–650 cm−1. The detection and identiﬁcation limit for the μ-FTIR instrument was 20 μm. A total of
256 scans were acquired for each spectrum, with a spectral resolution of
4 cm−1. The following libraries were used for polymer identiﬁcation: HR

Vedretta Piana glacier were collected wearing a surgical gown and mountain boots, and those from the Cedec glacier were collected wearing synthetic technical clothes and mountain boots. Independently of the
sampling procedure, sediment samples were kept cold during ﬁeld work,
transported to the lab within 12 h and then stored at −20 °C. After desiccation at +60 °C for 48 h, dried sediments were sieved (mesh size 1 mm),
transferred and stored in glass jars (previously washed with acetone)
topped with aluminium foil until MPs isolation.
To assess the spatial distribution of MP contamination on the ablation
area of the three glaciers, maps were created by a bilinear interpolation
function of the concentration of MPs per kg of debris on the ablation
areas of the glaciers, in ArcMap 10.3.1 with default settings and a cell
size of 10 × 10 m. To estimate the total amount of MPs on the three glaciers, the value of MP concentration per kg of debris reported in the maps
above was multiplied by the value of debris mass at the same pixel. The latter
was obtained by estimating the amount of debris cover on the ablation area
of each glacier using the method reported in Azzoni et al. (2018): a supervised classiﬁcation was performed on high resolution (0.5 × 0.5 m) aerial
orthophotos and the ablation area was partitioned into four classes: snow,
ice, shadows and debris. Aerial orthophotos for the Forni and Cedec
glaciers from 2015 were obtained from Lombardy geographical portal
(https://www.geoportale.regione.lombardia.it/), while for the EbenfernerVedretta Piana glacier an aerial orthophoto from 2020 was obtained from
the province of Bolzano (https://geoportale.retecivica.bz.it/). The ablation
area of the glaciers was determined by manually identifying the transient
snowline on the orthophotos and excluding continuously debris-covered
areas such as the medial moraines. The classiﬁed maps were resampled to
10 × 10 m and the debris-covered area was calculated in each 10 × 10 m
cell (approximation 1 m2). This area was then converted to volume using
an average debris thickness of 5 mm and the debris volume was further
converted to mass using debris density values (from 1600 kg m−3 to
2000 kg m−3; Ambrosini et al., 2019). The total estimated amount of MPs
on the ablation area of each glacier was ﬁnally obtained by summing the results of the pixel-by-pixel multiplication of the maps of MP concentration
and of the amount of sediment at each cell.
2.2. Isolation and identiﬁcation of MPs
All the solutions (i.e., ultrapure water, sodium chloride and hydrogen
peroxide solutions) used during the procedure of MPs isolation from
supraglacial debris samples were ﬁltered on cellulose ﬁlters (StonyLab,
pore size 1 μm; Ø = 47 mm) and stored in glass beakers before use. Prior
to use, glassware and stainless forceps were washed with acetone and ultrapure ﬁltered water and covered with aluminium foil to prevent contamination. The isolation of MPs from sediment samples was performed following
protocols developed by Klein et al. (2015) and Prata et al. (2019), with
slight modiﬁcations. Putative MPs were isolated from 50 g of ﬁne-grained
3
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MPs g−1 dry weight, respectively. The prevalent shape of identiﬁed MPs
was fragments (71.4 %), whereas ﬁbres accounted for 28.6 % only. However, ﬁbres prevailed in samples from the Forni and Cedec glaciers, where
they represented respectively 56.0 % and 60.0 % of the total amount of
MPs. In contrast, on the Ebenferner-Vedretta Piana ﬁbres accounted only
for 26.1 % of the MP amount. The maximum length of MPs ranged between
0.055 mm and 5.323 mm, with a mean (±SE) of 1.283 ± 0.004 mm. MPs
prevalent colours were blue (22.7 %) and black (20.9 %), followed by red
(16.7 %), transparent (13.3 %), white (12.0 %) and grey (9.0 %), while
other colours were limitedly represented.
MP contamination (i.e., MPs g−1 dry weight; Fig. 2a) signiﬁcantly differed among the three glaciers (F2,35 = 25.250, p < 0.001), with levels measured on Ebenferner-Vedretta Piana signiﬁcantly higher compared to Forni
and Cedec (t35 ≥ 8.022, p < 0.001 in both cases), whose contamination
did not signiﬁcantly differ between each other (t35 = 0.278, p = 0.958).
The size of MPs did not signiﬁcantly differ among glaciers (F2,231 = 0.885,
p = 0.414; Fig. 2b), while the proportion of ﬁbres did (F2,30 = 4.156,
p = 0.026) and it was signiﬁcantly higher on Forni compared to

Aldrich Polymers, HR Coatings Technology, HR Hummel Polymer and Additives, HR Industrial Coatings, HR Polymer Additives and Plasticizers, HR
Rubber Compounding Materials, HR Spectra Polymers and Plasticizers,
Hummel Polymer sample Library, and Polymer Laminate Films.
2.3. Statistical analyses
To investigate whether different sampling methods affected MP contamination on the Forni glacier, an Analysis of Variance (ANOVA) was
run using the number of MPs per gram of supraglacial debris (expressed
as MPs g−1 dry weight) as dependent variable, and a three-level factor indicating the sampling conditions (i.e., surgical gown and wooden clogs, surgical gown and mountain boots, technical clothes and mountain boots) as a
predictor. We also checked for potential spatial autocorrelation by repeating this analysis using Generalised Least Squares (GLS) models assuming
both an exponential and a Gaussian spatial autocorrelation structure of
the variance-covariance matrix.
To check for signiﬁcant differences in MP contamination in terms of
number of MPs per gram of debris (expressed as MPs g−1 dry weight)
among the three glaciers, a one-way ANOVA was run followed by Tukey
post-hoc tests. A binomial Generalized Linear Model (GLM) corrected for
overdispersion was used to investigate differences in the frequency of ﬁbres
on the total number of detected MPs among glaciers.
Differences in the relative abundance of polymers in the supraglacial debris samples were investigated with a Redundancy Analysis (RDA), using
Hellinger distance. Given the large number of different polymers identiﬁed
on the glaciers, we also re-run the RDA after grouping the polymers in ﬁve
different macro-categories (i.e., acrylates, polyoleﬁn, polyester, others, and
unknown), as listed in Table S1.
To check for a spatial gradient in the concentration of MPs along the ablation area of the three glaciers, a linear regression was run using latitude of
the sampling site as a predictor. As all glaciers face North, latitude was used
as a proxy of the relative position of the sampled spots within the ablation
area of each glacier.
3. Results
Overall, 336 putative MPs were isolated from the supraglacial sediments collected on Forni (n = 75 items), Cedec (n = 35 items) and
Ebenferner-Vedretta Piana glacier (n = 226 items). The FTIR analysis identiﬁed 234 items as MPs (69.6 % of the total amount of isolated items;
Table S2). MPs were detected in 87 % of samples from the Forni glacier
(n = 25 items), in 63 % of samples from the Cedec glacier (n = 10
items) and in all the samples from the Ebenferner-Vedretta Piana glacier
(n = 199 items). Items composed of natural-based polymers
(i.e., cellulose) were found in debris from all the glaciers and accounted
for 27 % of the total amount of isolated items (12 % and 15 % in Forni
and Cedec glaciers, respectively), while 3 % of the items were not unequivocally identiﬁed as a speciﬁc polymer.
The total number of MPs on the ablation areas of the Cedec, EbenfernerVedretta piana, and Forni glaciers was estimated to range respectively between 27 and 34 × 106, 277 and 347 × 106, and 38 and 47 × 106 items.
No signiﬁcant differences in MP concentrations among samples
collected with different ﬁeld procedures (i.e., both surgical gown and
wooden clogs, surgical gown and mountain boots, or technical mountain
wear and mountain boots) were found (F2,12 = 2.333, p = 0.139). The
same analysis run with GLS models accounting for spatial autocorrelation
functions returned the same results (exponential autocorrelation
function: F2,12 = 2.331, p = 0.140; Gaussian autocorrelation function:
F2,12 = 2.307, p = 0.142). In addition, the AICc value of the model assuming no spatial autocorrelation was lower than the values of both models
with spatial autocorrelation (ΔAICc ≥ 1.965), indicating that the ﬁrst
model ﬁtted our data better, and detected no spatial autocorrelation.
The average (±SE) MP concentration per gram of debris (normalized
on dry weight) measured on the Forni, Cedec and Ebenferner-Vedretta
Piana glacier was 0.033 ± 0.007, 0.025 ± 0.009 and 0.265 ± 0.027

Fig. 2. Boxplots representing differences in abundance (a) length (b) and shape
(i.e., no. ﬁbers/no. MPs) among Cedec, Forni and Ebenferner–Vedretta Piana
glaciers.
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Fig. 3. Maps of estimated number of microplastics depending on debris presence (left column) and of interpolated MPs concentration per kilogram of debris (right column) on
the ablation areas of Cedec glacier (panels a and b), Ebenferner–Vedretta Piana (panels c and d), and Forni glacier (panels e and f). Black circles represent sampling spots, their
diameter the MP abundance. The light blue diamond represents the Automated Weather Station on the Forni glacier.
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Ebenferner-Vedretta Piana (z = 2.426, p = 0.038; |z| ≤ 1.766, p ≥ 0.172 in
all the other cases; Fig. 2c).
Despite differences among glaciers, no signiﬁcant gradients of MP contamination along the ablation area of the Forni (t13 = −0,835, p = 0.419),
the Cedec (t6 = 0.998, p = 0.357) and the Ebenferner-Vedretta Piana
(t13 = −1.570, p = 0.140) glaciers were found (Fig. 3).
Overall, among the identiﬁed polymers, the most abundant were polypropylene (PP; 13.2 % of the total amount of MPs), polyethylene (generic,
can be either HDPE, LDPE or LLDPE) (PE; 11.5 %), polyethylene terephthalate (PET; 7.7 %), and low-density polyethylene (LDPE; 7.3 %), while other
polymers limitedly contributed to the pattern of contamination (Fig. 4a;
Table S2). Polymers were grouped per chemical category (Table S1) in acrylates, polyoleﬁns, polyesters, others, and unknown. The most represented
category was polyoleﬁns (50.9 %), followed by polyesters (21.8 %), others
(12.4 %), and acrylates (10.3 %), while unknown polymers only make up
for 4.7 % of all identiﬁed plastic polymers. In detail, on the EbenfernerVedretta Piana glacier, the most represented polymers were PP (14.6 %),
PE (13.1 %), LDPE (8.0 %) and acrylonitrile butadiene styrene (ABS;
6.0 %), while on the Forni and Cedec glaciers PET (42.9 %), polyacrylates
and polyacrylic acids (14.3 %), alkyd resins (8.6 %) and PP (5.7 %)
prevailed (Fig. 4b). Accordingly, the prevailing categories on EbenfernerVedretta Piana were polyoleﬁns (56.3 %), while polyesters (16.1 %), others
(13.6 %), acrylates (8.5 %), and unknown (5.5 %) were less frequent. On
the other hand, Forni and Cedec glaciers were mostly contaminated by
polyesters (54.3 %), polyoleﬁns (20.0 %), acrylates (20.0 %), and other
polymers (2.7 %). No unidentiﬁed polymers, belonging to the “unknown”
category, were found on Forni and Cedec glaciers.
The RDA (Fig. 5) showed a signiﬁcant difference in the relative abundance of polymers among glaciers (F2,30 = 3.594, p = 0.001), and the
same result held true (F2,30 = 4.619, p < 0.001) also when we re-run the
analyses focusing on polymer categories (Table S1) rather than single polymers. The post-hoc test showed that the pattern of MP contamination of
debris from Ebenferner-Vedretta Piana signiﬁcantly differed from that of
the other glaciers (F1,30 ≥ 3.302, p < 0.001 in both cases).

Fig. 5. Plot of the Redundancy Analysis results for polymeric composition of MPs in
samples from Forni (green squares), Cedec (yellow triangles) and Ebenferner–
Vedretta Piana (red dots).

variability, differences in collection methods, human activities (EerkesMedrano et al., 2015), sample treatment protocols, and methods used by
the analysis (Mai et al., 2018). In addition, some authors suggested that
MP abundance might be affected by possible self-contamination during
the sampling (Lachenmeier et al., 2015; Rist et al., 2018). This eventuality
could be of particular concern in high-mountain ecosystems, where the climate conditions of the sampling sites can be prohibitive and warm technical clothes (and boots) made of synthetic fabrics are needed (Scopetani
et al., 2020). During the sampling procedures, ﬁbres can be released from
clothes and fragments from the boots, ending up in the samples and representing a source of MP external contamination. For instance, a recent study
tested the contribution of self-contamination in lake sediment, snow, and
ice, showing that up to 15 % of MP ﬁbres in environmental samples can
originate from sampling clothing depending on the sample matrix, the duration of the exposure of the sample to the air, and the tendency of the
clothes to release ﬁbres (Scopetani et al., 2020). Despite these ﬁndings,
our preliminary analysis did not demonstrate self-contamination of the
samples, as no signiﬁcant differences in MP contamination were observed
in samples collected using different preventive measures (Fig. S1). This suggests that sample self-contamination, if any, should have not biased our
results, although the sample size was rather low and further analyses should
be performed to identify a proper sampling protocol on supraglacial
habitats.
Our results proved the presence of MPs in the sediments of all the glaciers, conﬁrming their ubiquitous presence also in these remote ecosystems.
MP abundance was in the range 25–265 MPs kg−1 dry weight, with levels

4. Discussion
The results from the present study conﬁrmed the occurrence of MPs in
supraglacial debris from different glaciers in the Central Italian Alps,
pointing out that, on highly impacted glaciers, the presence of local activities can represent a more relevant source of MPs compared to long-range
transport.
Several studies investigated the presence of MPs in different environmental matrices from both aquatic and terrestrial ecosystems, suggesting
that MP abundance is not homogeneously distributed (e.g., Gago et al.,
2018; Horton et al., 2017; Klein et al., 2018) because of sampling site

Fig. 4. Overall (a) and speciﬁc (b) polymeric composition of identiﬁed MPs from debris of Cedec, Forni and Ebenferner–Vedretta Piana. Identiﬁed polymers were grouped
into ﬁve macro-categories, due to their high number (see Table S1).
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In contrast, the contamination pattern found on the EbenfernerVedretta Piana glacier was dominated by large MP fragments composed
of PP, PE, and ABS. Although the presence of ﬁbres of the same size and
polymeric composition as those found in the other glaciers cannot exclude
external sources of contamination, fragments can be mainly related to local
sources, including the breakage and/or fragmentation of outdoor personal
equipment (e.g., ski, boots, helmets and technical clothing) and dispersed
plastic items (e.g., gates and food packaging), as well as the degradation
of materials and equipment used on ski slopes (e.g., ski lift, cableways,
lodges and piste machines). This hypothesis was supported by the analyses
of the polymeric composition of MPs found in debris from this glacier.
Despite the prevalence of polyoleﬁn polymers (PP and PE), which were
identiﬁed also in debris from Forni and Cedec glaciers and which are predominant in all the matrices and ecosystems worldwide (e.g., Li et al.,
2018), some polymers were detected exclusively on the EbenfernerVedretta Piana glacier and are attributable to breakage of ski equipment.
The prevalence of PE is not surprising as this polymer makes up the bottom
layer of the ski, designed for contact with the snow. Similarly, also the presence of polyurethane and ABS was attributable to ski, because ski cores
(and some constituents of ski boots) are primarily made of PU, while
most helmets have a hard, crack-resistant outer shell, made of injectionmolded plastic such as ABS (www.plasticsmakeitpossible.com). Moreover,
MPs of Zytel®, a family of polyamide-based materials, can originate from
snowboards, as these polymers are used for the base of the clamping system
that accommodates the ski boot and houses the entire locking system
(www.azom.com). Polycarbonate MPs can originate from the breakage of
the gates used in ski races or to limit the ski slopes, while MPs of acrylates,
which are used for the manufacturing of co-polymers for coatings and
paints, sealants, and adhesives, might come from the degradation of equipment used on ski slopes.

measured in debris from Ebenferner-Vedretta Piana glacier that were significantly higher than those of Forni and Cedec glaciers (Fig. 2). These results
are in accordance with our expectations, as the Ebenferner-Vedretta Piana
glacier suffers from a higher anthropic pressure compared to the other
glaciers, because of the presence of ski slopes. Thus, the high number of
MPs isolated from the debris collected on this glacier can be related to the
breakage of skiing equipment and/or to the wear of clothing, as well as to
the wear of materials during the operation and maintenance of ski lifts.
Although recent studies have investigated MP contamination on different
glaciers worldwide, they generally analysed snow samples (Napper et al.,
2020; Cabrera et al., 2020, 2022; Zhang et al., 2021), reporting concentrations that could not be compared with our ﬁndings. Thus, we compared our
current data with the MP contamination previously measured in
supraglacial debris from the Forni glacier (Ambrosini et al., 2019). The
abundance of MPs measured in debris from both the Forni and Cedec glaciers was lower compared to our previous monitoring survey (Ambrosini
et al., 2019), while MP abundance observed on the Ebenferner-Vedretta
Piana glacier was higher. Focusing on contamination of Forni glacier
only, the estimated amount of MPs in the debris collected during the present survey was about 2-fold lower (33.0 ± 6.7 SE MPs kg−1 dry weight)
compared to the previous one (74.4 ± 28.3 SE MPs kg−1 dry weight;
Ambrosini et al., 2019). Consequently, also the current estimate of the
total amount of MPs in debris from the whole ablation area of Forni glacier
(i.e., 38–47 × 106 MPs; see Ambrosini et al., 2019 for details on the calculation of the amount of debris) was reduced by 71 % compared to the previous survey (131–162 × 106 MPs), resulting in a reduction of 69–71 % of
the density of MPs (current estimate 179–204 × 106 MPs km−2; previous
estimate 570–801 × 106 MPs km−2). These differences might be caused
by differences in sampling design and sample size. In fact, in our previous
study, only six samples were opportunistically collected close to each
other in a limited part of the glacier ablation area (Ambrosini et al.,
2019), while in the present survey ﬁfteen random points were chosen on
the whole ablation area to obtain a comprehensive map of contamination.
Both factors, coupled with the large spatial heterogeneity of MP distribution in the ecosystems (Gago et al., 2018; Klein et al., 2018), might have
caused an overestimation of MP abundance during the 2019 survey. The
maps of MP contamination conﬁrmed that the spatial distribution of MPs
in the debris of all the glaciers is heterogeneous (Fig. 3). Moreover, in contrast with our expectations and previous hypotheses (Ambrosini et al.,
2019), the lack of a spatial autocorrelation among the samples conﬁrmed
that the distribution of MPs in supraglacial debris did not follow a spatial
gradient within the ablation zones of the three glaciers.
Consistently with the results of MP abundance, the pattern of contamination, in terms of polymers composing the identiﬁed MPs, diverged
among glaciers. Speciﬁcally, the pattern observed in the debris of the
Ebenferner-Vedretta Piana glacier signiﬁcantly differed from that of the
other glaciers (Figs. 4 and 5). These dissimilarities might reﬂect different
origin and input of MPs. On Forni and Cedec glaciers, MPs were mainly
characterized by ﬁbres of PET, according to the pattern displayed by previous studies investigating the presence of MPs in snow samples from remote
areas with a very low anthropic impact, such as the Alps (Parolini et al.,
2021) and the Tibetan Plateau (Zhang et al., 2021). The origin of these ﬁbres might be identiﬁed in the wear of technical clothing of mountaineers
and/or to mid- to long-range atmospheric transport (Allen et al., 2019;
Zhang et al., 2021). Alternatively, PET ﬁbres might originate from the fragmentation of large-sized PET plastics, which represent the most abundant
plastic waste on the ablation area of Forni glacier (Parolini et al., 2021).
In addition, the presence of MPs made of acrylic resins, i.e., Rhoplex
AC-236 (an acrylic emulsion) and UCAR 367 (vinyl acetate copolymer),
which are polymers often used in exterior and latex paintings and varnishes, supported the hypothesis that atmospheric transport plays a
crucial role as a MP source in remote areas with low anthropic pressure.
Indeed, polymers used in similar applications were previously detected in
different matrices from high-mountain, uninhabited areas worldwide
(Bergmann et al., 2019; Allen et al., 2019; Evangeliou et al., 2020; Zhang
et al., 2021).

5. Conclusion
The present study conﬁrmed the occurrence of a wide array of MPs of
different sizes, shapes, and polymeric compositions on Alpine glaciers, suggesting that the incidence of this contamination largely depends on the anthropic pressure suffered by these ecosystems. Our results shed light on the
impact of ski slopes and related activities on MP contamination and demonstrated that local sources of contamination (i.e., ski activity) can contribute
to MP release to a greater extent than atmospheric transport. Moreover, the
analysis of the MP contamination pattern, in terms of polymeric composition of isolated items, is of pivotal importance to identify the potential origin and/or sources of MPs, and represents crucial information to suggest
precautionary strategies to limit as much as possible the release and/or
the production of MPs. Lastly, independently of the anthropic pressure,
the presence of MPs on glaciers may pose a future climatic risk due to
their ability to absorb solar radiation and accelerate melting (Bergmann
et al., 2019; Brahney et al., 2020; Evangeliou et al., 2020). Because of ice
melting and glacier retreat, MPs enter aquatic ecosystems and can represent
a potential threat to aquatic organisms. For these reasons, further monitoring studies on the impacts of MPs on glaciers represent a priority in
cryospheric studies and they need to be coupled with technological advances to shed light on the contribution of small-sized items, including
nanoplastics (Materić et al., 2020; Sun et al., 2020), in plastic contamination of these remote ecosystems.
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