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RESUMEN

Los microplasticos (MPs) son fragmentos de pldstico que varian en tamafio desde 5
hasta 0.001 mm y se han encontrado globalmente en ecosistemas terrestres y acudticos.
Su presencia en lugares remotos como el glaciar Antisana en los Andes tropicales sugiere
un transporte atmosférico extenso. Sin embargo, el ritmo en el que los MPs aumentan
en la atmdsfera adn no ha sido estimado. Aqui presentamos el primer estudio que
estima esta tasa de acumulacién de MPs durante un afio hidroldgico mediante el andlisis
de un nucleo de hielo de 8 metros obtenido del glaciar 15-a del Volcdn Antisana en
Ecuador. Se cuantificé de manera visual la cantidad de MPs a lo largo del nucleo de hielo
y se utilizd espectroscopia infrarroja por transformada de Fourier (FTIR) para identificar
su composicion. El ndcleo de hielo de 8 metros representd aproximadamente 12 meses
seguln el analisis isotdpico de §'80. Se emplearon técnicas de regresion lineal y bootstrap
para estimar una tasa de acumulacion anual del 5.84%, aumentando los MPs de 36 al
inicio del afno a 83 al final del mismo. Se cuantificaron un total de 1762 MPs,
principalmente fibras, seguidas de fragmentos. Entre los polimeros identificados se
encuentran polietileno, polimetilmetacrilato, copolimeros de Metacrilato de 2-
(dimetilamino)etilo, poliéster, polietilenimina, poliamida, politetrafluoroetileno vy
polimeros celulésicos. Se concluyé que la cantidad de MPs es inversamente proporcional
a la profundidad del nucleo de hielo, es decir, la cantidad de MPs fue mds abundantes
en las capas de hielo mas jovenes, indicando concentraciones mas altas en niveles

superficiales.

PALABRAS CLAVE: Microplasticos, Glaciares, Andes, Atmédsfera, Contaminacion.



ABSTRACT

Microplastics (MPs) are plastic fragments ranging in size from 5 to 0.001 mm and have
been found globally in terrestrial and aquatic ecosystems. Their presence in remote
locations such as the Antisana glacier in the tropical Andes suggests extensive
atmospheric transport. However, the rate at which MPs increase in the atmosphere has
not yet been estimated. This study presents the first estimation of this accumulation
rate over a hydrological year through the analysis of an 8-meter ice core from the 15-a
Glacier on the Antisana Volcano in Ecuador. The quantity of MPs along the ice core was
visually quantified, and Fourier-transform infrared spectroscopy (FTIR) was used to
identify their composition. The 8-meter ice core represented approximately 12 months
according to 680 isotopic ice core analysis. Linear regression and bootstrap techniques
were employed to estimate an annual accumulation rate of 5.84%. The amount of MPs
increased from 36 at the start of the year to 83 by the end. A total of 1762 MPs were
qguantified, predominantly fibers followed by fragments. Identified polymers included
polyethylene, polymethyl methacrylate, 2-(dimethylamino)ethyl methacrylate
copolymers, polyester, polyethylenimine, polyamide, polytetrafluoroethylene, and
cellulosic polymers. It was concluded that the amount of MPs is inversely proportional
to the depth of the ice core, with higher concentrations of MPs in the younger ice layers,

indicating greater abundance at surface levels.

KEYWORDS: Microplastics, Glaciers, Andes, Atmosphere, Pollution.



Journal Science of the Total Environment:

https://www.sciencedirect.com/journal/science-of-the-total-environment

ESTIMATION OF THE ANNUAL MICROPLASTICS ACCUMULATION RATE IN A TROPICAL
ANDEAN GLACIER. CASE STUDY: ANTISANA GLACIER.


https://www.sciencedirect.com/journal/science-of-the-total-environment

1. INTRODUCTION

Microplastics (hereafter MPs) are plastic particles ranging in length from 5 to 0.001 mm
(Andrady, 2011; Chandra & Walsh, 2024; Evangeliou et al., 2020; Otegui et al., 2024)
that constitute long-lasting environmental pollutants with a diverse array of negative
impacts on living organisms (Khoshmanesh et al., 2023; Mierzejewski et al., 2023; Rafa
et al., 2024; Song et al., 2022). MPs pollution has become ubiquitous in populated areas
(Allen et al., 2021; Chandrakanthan et al., 2024; Dhivert et al., 2024; Hurley et al., 2018),
marine environments (Ding et al., 2022; X. Wang et al., 2020), and remote regions
including Antarctica, the Alps, and Andean glaciers (Ambrosini et al., 2019; Bergmann et
al.,, 2019; Cabrera et al., 2020; Gonzalez-Pleiter et al., 2021; Parolini et al.,, 2021;
Scheurer & Bigalke, 2018). The dynamics of MPs in high mountain glaciers, such as the
Antisana glacier in Ecuadorian Andes, are influenced by atmospheric transport, whereby
airborne MPs are deposited in snow and accumulate in glacier ice through time (Cabrera
et al.,, 2022; Fox et al., 2024, Sridharan et al., 2021; Ward et al., 2024; Wright et al.,
2013).

Plastic production began in 1950 and increased to 400 million tons in 2023 (Andrady,
2011; Barnes et al., 2009; Walker & Fequet, 2023). If plastic production increases every
year, the underlying assumption is that the amount of MPs found in terrestrial
(Dissanayake et al., 2022; Surendran et al., 2023), marine (Hinata et al., 2023; Salomone
et al., 2023), and cryospheric environments (Niu et al., 2024; Rosso et al., 2024; Zhang
et al., 2020) is also increasing every year. While the presence and atmospheric transport
of MPs in remote areas have been documented (Allen et al., 2019; Bank & Hansson,
2019; Cabrera et al., 2022; Fox et al., 2024; Zhang et al., 2020), the annual amount of
MPs transported through the atmosphere and deposited in remote locations such as

high mountain glaciers has not yet to be estimated.

Glaciers are potential sites for the accumulation of MPs because their transport involves

moist air masses originating from the Atlantic Ocean that move from east to west,



crossing the Amazon rainforest until they meet the Andes mountain range, producing
orographic precipitation over the glaciers (Ginot et al.,, 2010; Stansell et al., 2023;
Vimeux et al., 2005; Vuille, 2023) and facilitating the accumulation of MPs. It has been
observed that MPs can be transported from terrestrial or oceanic surfaces to remote
locations through the atmosphere (Allen et al., 2019; Fox et al., 2024; K. Liu et al., 2019,
2020; Z. Liu et al.,, 2024; Martina & Trini Castelli, 2023). However, research has
predominantly focused on documenting the presence of MPs in marine sediments,
leaving a gap in understanding the amount of MPs accumulating in the atmosphere in

relation to the increase of marine MPs.

MPs had previously been documented in glacier 15-a of Antisana Volcano in Ecuador
(Cabrera et al.,, 2020, 2022); however, these studies focused on determining the
abundance of MPs in the glacier's surface snow layer. This study is the first to analyze
the continuous accumulation of atmospheric MPs over a hydrological vyear.
Understanding the rate at which atmospheric MPs accumulate in high mountain glaciers
is of utmost importance because, due to the melting of glaciers, accumulated MPs could

be released into water bodies and reach natural urban water reservoirs (Zhang, 2019).

The consumption and inhalation of MPs generate adverse impacts on human health,
such as lung inflammation, interference with normal cellular activity, and negative
effects on human reproduction (Barceld et al., 2023; Koutnik et al., 2021; Polidoro et al.,
2022). Additionally, MPs can absorb persistent organic pollutants and toxic additives,
facilitating their transfer to humans (Cole et al., 2016). Low-density MPs, such as
polyethylene (PE), tend to be transport over longer distances than high-density ones (Y.
Wang & Chen, 2023), increasing the likelihood of their presence in the atmosphere. PE
has been observed to cause allergies, asthma, and have carcinogenic potential (Isci &
Dagdemir, 2024). Furthermore, PE can become contaminated with chemical additives
during its manufacturing process, which, upon degradation, could pose a risk to human

health and the environment (Cheshmazar et al., 2021).



In this study, we present the first investigation of MPs accumulation rates over time in
an 8-meter ice core obtained from Glacier 15-a on the Antisana Volcano in Ecuador. We
reveal the accumulation of MPs over a hydrological year. Our hypothesis is that the
quantity of MPs will decrease with greater depth in the ice core, considering that the
more superficial a layer of ice is, the more recent its deposition. Our findings show the

proportion of MPs forms and polymers.



2. METHODS

2.1 Study area

Sampling was carried out on the 15-a glacier of the Antisana Volcano (0°28’S; 25
78°09’W) in the Ecuadorian Andes. The Antisana glacier (Figure 1) covers an
approximate total area of 15 km? and reaches an elevation of 5753 meters above sea
level (m.a.s.l) (Basantes-Serrano et al., 2016). The Antisana glaciers serve as a significant
water source for the city of Quito, the capital of Ecuador. Additionally, runoff from the
15-a glacier contributes to the Antisana River, a tributary of the Amazon River system
(Hall et al., 2017). Precipitation in the Antisana follows a bimodal seasonal cycle, with
high precipitation peaks in the months of February to June and September to November
(Basantes-Serrano et al., 2016). Moisture reaching the Antisana volcano originates from
the Atlantic Ocean and is depleted of heavy 60 isotopes during the months of
December, January, and February (Baker & Fritz, 2015). The average temperature above
4850 m.a.s.l ranges between 0°C and 2°C (Cauvy-Fraunié et al., 2013). The site where
the ice core was collected is located above the equilibrium line altitude (ELA); therefore,
snow ablation is a negligible process that may introduce an estimation bias when

estimating the accumulation of MPs.
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Figure 1 Study area map A) Antisana Volcano is located in Ecuador. B) Runoff from Antisana
glacier contributes to the river system of the Amazon River basin. C) Detailed image of glacier
15-a of Antisana Volcano, showing the location where the ice core was extracted at 5520
m.a.s.l.

2.2 Sample collection

In February 2020, an 8-meter-long ice core was extracted from glacier 15-a on Antisana
Volcano. This core was recovered at an altitude of 5520 m.a.s.| and 50 samples were
taken along the core. The sampling resolution was uneven but covered ranges varying
between 8 and 30 cm. The samples were stored in sealed plastic bags. To rule out MPs
contamination, the bags were previously rinsed three times with pre-filtered Milli-Q
water and air-dried at room temperature to be used as control blanks. The blanks were
filled with Milli-Q water, frozen at -18°C, and filtered to quantify and exclude MPs that
have been found before from our results. The samples were transported in coolers with
dry ice to prevent melting and were stored at -18°C in the refrigerator at the Laboratorio
Nacional de Referencia del Agua (LNRA) at the Universidad Regional Amazdnica lkiam in

Ecuador.



2.3 Polymer characterizacion

Identification of composition were made by a Fourier transform infrared spectroscopy
(FTIR) using the Perkin Elmer Micro-FTIR Spotligh 400 spectrophotometer in reflectance
mode and the Spectrum Image software from Perkin ElImer. Of the 50 samples obtained
from theice core, 15 were selected for polymer characterization analysis using FTIR. The
criterion for selecting these 15 samples was that they contained the least amount of
visible organic matter. The remaining samples were used for the visual quantification of

MPs.

FTIR measurements were performed for the composition of the MPs, generating a
spectrum for each particle analyzed. The settings selected for both background and
infrared images are as follows: Resolution: 32 cm™, Scans per pixel: 90 (in background)
and 8 in samples, Interferometer speed: 2.2 cm s, Spectral range: 4000-650 cm™. A
similar number of particles was selected in each filter analyzed, and the spectra obtained
were compared with the polymer spectra library and the type of MPs was determined

when the match rate was higher than 0.7 (Egea-Corbacho, et al. 2023).

2.4 Isolation and quantification of MPs

To prevent sample contamination, only cotton laboratory coats and garments were used
during the MPs isolation in the laboratory. Before each use, all laboratory materials were
rinsed three times with pre-filtered Type 1 distilled water. The final rinse water was
filtered and used as a blank sample to account for MPs adhered to the materials. To
detect airborne MPs contamination during sampling, isolation, and sample
guantification, blank filters were placed in open Petri dishes. These filters allowed for
the quantification of MPs in the environment and their exclusion from our results. All

samples were processed in a fume hood.

For the isolation of MPs, the methodology proposed by Cabrera et al. (2020) and

described below was employed. The samples were melted at room temperature, and



250 ml were taken from each melted sample, stored in glass containers, and placed in
an oven at 60°C for 2 hours to condense the volume to 50 ml. Subsequently, the samples
were mixed with 50 ml of a filtered (0.22 um) 300 g/L NaCl solution and left to rest for

24 hours, allowing organic particles to separate from the MPs by density.

Once the denser particles had decanted, the samples underwent a vacuum filtration
procedure using a borosilicate glass vacuum filtration setup with two different types of
membranes: samples prepared for quantifying shapes and sizes were filtered through
0.45 um cellulose nitrate membranes with a diameter of 47 mm, while samples for
quantifying composition were filtered through a 0.45 pum silver membrane (25 mm
diameter filter) using the same filtration setup. The filter cup walls were rinsed with pre-
filtered Type 1 distilled water to prevent loss of adhered MPs. Finally, the silver filters

were placed in Petri dishes and dried in an oven at 40 °C for at least 4 hours.

Organic solvents were not used to remove organic particles, as Cabrera et al. (2021)
determined that snow surface samples 120 meters away from where the ice core was
extracted contain an insignificant amount of organic matter (TOC of 0.5 mg/L, similar to
pure water). The filters were stored in Petri dishes and subsequently covered with 2 ml
of a 200 mg/L Rose Bengal solution and analyzed under an optical stereomicroscope
with a camera (Motic SMZ-171, 10X/Zoom 0.4). Rose Bengal stains all organic particles
pink, while MPs retain their original color (Kosuth et al., 2018; Liebezeit & Liebezeit,
2014; Ribeiro et al., 2024). Finally, the silver filters were placed in Petri dishes and dried

in the oven at 40 °C for at least 4 hours.

2.5 Age model

To determine the age of the ice core, the age determination method based on 6180
isotopic fluctuations proposed by Calero et al. (2022) was used. The central 3 cm of each
of the 50 ice core samples were selected, stored in 20 ml borosilicate glass vials, and

kept in a refrigerator at 4°C to prevent evaporation and potential 680 enrichment. The



880 composition of the samples was measured using a triple water vapor isotope

analyzer: laser spectroscopy (Los Gatos Research, LNRA-45-EP).

The constant accumulation of snow gradually compresses the ice layers, leading to the
densification of the core (Thompson, 2000). As a result, when sampling at a constant
depth in the ice core, the time interval between samples increases with depth. To
mitigate the effects of compression in the ice core, a logarithmic transformation (LT)
was applied to the depth of each isotopic sample. LT was selected because Calero et al.
(2022) demonstrated, through R* comparisons of logarithmic depth and isotopic sample
density, that this transformation is the most optimal for plotting 60 isotopic data in

short cores (<15 meters) from Glacier 15-a.

Then, a probability density function was generated using the depths to identify the most
common depth interval among all the samples. This function allowed for the
determination of the most frequent distance between samples in the entire dataset,
with the highest probability of occurrence (26.9 cm). The selected interval was then used
to interpolate the isotope data at constant depth intervals, which is required for running
a wavelet analysis. The wavelet analysis was conducted to detect the presence of
periodic cycles in the transformed isotope data. All data were analyzed using R version

4.1.1.

2.6 Statistical analysis

The accumulation rate of MPs along the ice core was estimated using the equation of
the line from a linear regression. The assumption of normality was evaluated using
Shapiro-Wilk tests and a Q-Q plot. No significant differences were considered as the test
statistic was w=0.881 and the p-value was 0.0013. A Bootstrap analysis was performed
with 500 resamplings, where in each iteration, 15 data points were randomly selected
from the total of 35 available untransformed samples. For each dataset, a linear
regression model was fitted and these were plotted along with the average regression

line of the 35 samples (Figure 2) to demonstrate that even when randomly selecting 15



data points, the regression line of these data points approximates the average
regression line of all the samples. The equation of the average regression line was
obtained, and the rate at which MPs increase with depth was estimated. The statistical

analyses were conducted using R software version 4.1.1.

° Amount of MPs = 70.9257 + (—0.0584)(Depth)

120 140
I 1

100
|

Microplastics concentration per particle

Ice core depth in centimeters

Figure 2. Linear Regression Plot. The blue lines represent the linear regressions resulting
from 500 bootstraps and the yellow line represents the average regression between ice
depth and MPs concentration. The white points represent the MPs concentrations per
particle in the 35 samples.
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3. RESULTS.

3.1 Ice core age

Interpolation was performed because wavelet analysis requires data with a constant
temporal resolution. To carry out this interpolation, the most common depth interval
between consecutive samples, which was 26.9 cm, was chosen to minimize the number
of points to be interpolated. It is important to note that interpolation was applied to the
log-transformed data. To determine the interpolation resolution (depth), the probability
density function graph (Figure 3) was used. On this graph, the highest probability,
indicated by the vertical red line at 0.033, was selected as the interpolation resolution
for the entire dataset on the x-axis. Thus, the isotope data was interpolated with a depth

resolution of 0.033.

A wavelet analysis was performed using the isotopic data with a constant temporal
resolution (LT data 0.033), as shown in the heat map of Figure 4. The heat map shows a
cone of influence with unusable regions in a white mask and with bright colors the
usable areas. Within the cone of influence the colors yellow, green, and blue represent
non-significant periodicities, while the red areas surrounded by a thin white line indicate
significantly high periodicities. The regions of greatest importance within the significant
areas are marked by horizontal black lines, whose periodicity is shown on the y-axis.
Note that the non-parallel lines indicate periodicities that increase or decrease in

frequency.
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Figure 3. Depth resolution resampling process. The figure depicts a probability density
function (y-axis) applied to the LT corrected depths (x-axis). The vertical red line depicts the
depth interval (0.033) with the highest probability in the dataset (highest peaks in the figure).

The wavelet analysis identified a significant periodicity with an average wavelet power
of 128, represented by a peak in the right panel of Figure 3. This indicates that, on
average, a cycle is completed every 128 observations. However, the heat map shows a
narrow cone of influence right at 128 step-times, resulting in an unclear isotopic signal.
This could be due to the short length of the 8-meter ice core and problems that occurred
during sampling. This signal suggests approximately one and a quarter cycles (16

months) of ice accumulation.
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Figure 4. Wavelet Analysis. The heatmap (left image) represents the time-frequency space,
with the X-axis for frequency and the Y-axis for periodicity. The black lines in the heatmap
indicate confidence contours, marking areas where the detected signals are statistically
significant.

To perform a proper wavelet analysis, it is likely that an ice core longer than 8 meters is
required, which would allow for the capture of more than one complete cycle for
evaluation. However, the extreme conditions at altitudes above 5500 m.a.s.n, where our
core was collected, limited the number of samples we could obtain. Despite these
limitations, to minimize potential errors in estimating annual cycles, we decided to
compare the 880 data obtained from the 8-meter core from the Antisana glacier (this
study) with data from a 16.5-meter core extracted from the Chimborazo glacier in 1999

(Ginot et al., 2010).

Ginot et al. (2010) explained that, due to the proximity to the equator, air temperatures
remain relatively constant throughout the year. As a result, temperature does not
significantly influence the seasonal pattern of stable isotopes. However, the annual
peaks of 680 observed in the tropical Andean glaciers are attributed to the annual
variation in precipitation which, due to the change of wet and dry seasons, 6§80 peaks
lower than -18%. are recorded, allowing the identification of a hydrological year in the

precipitation.

13



To visually compare the 6§80 isotopic peaks, a logarithmic transformation of the depths
of the glacial ice cores was performed. Figure 5 reveals that the glacial cores indeed
exhibit 8180 peaks in the range of -18%o to -20%o (represented by the horizontal yellow
lines), delineating a hydrological year. For the case of Antisana, these peaks occur in the
depth range of 1.85 to 2.95 LT. The reason for choosing to visually compare these
glaciers, despite differences in extraction years and core lengths, is the availability of
data we have. Furthermore, Calero et al. (2022) has already demonstrated the high

correlation between the 680 isotopic data from the Antisana and Chimborazo glaciers.

Antisana Glacier Chimborazo Glacier
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Figure 5. Graph of isotopic fluctuations of 680 plotted against depth in logarithms. The X-
axis represents the concentrations of §'80 in %o, while the Y-axis denotes depth in logarithm.
Isotopic peaks exist within a range greater than -18%o. that are due to the annual distribution
of precipitation, with wet and dry seasons thus delimiting a hydrological year.
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3.2 Identification and quantification of MPs

A total of 1762 MPs were visually quantified from the 35 samples throughout the entire
ice core. The microplastics were classified according to their shape and polymer type.
Based on their shape, the presence of fibers (Figure 6, sections a, b, and c) and fragments
(Figure 6, sections d, e, and f) was recorded. The polymers identified in this study
included Polyethylene (PE, 28.6%), Propylamine (PMA, 28.6%), Copolymers of 2-
(dimethylamino)ethyl methacrylate (PDMAEMA, 14.29%), Polyester (PS, 9.52%),
Polyethylenimine (PEI, 4.76%), Polyamide (PA, 4.76%), Polytetrafluoroethylene (PTFE,
4.76%), and Cellulosic Polymers (4.76%) (Figure 7, section a). It was estimated that
67.74% of the 1762 particles quantified along the ice core were fibers, while fragments
accounted for 32.26% (Figure 7, section b). Note that the contamination of MPs in the
control blanks was less than 10% of the contamination visually detected in the ice core
samples. The results showed an increase in the amount of microplastics, both fibers and
fragments, as the ice core depth decreased. Fibers increased from 20 to 63 particles
(Figure 8, section a) and fragments from 6 to 25 particles (Figure 8, section b), indicating

greater accumulation in the more superficial layers.

Figure 6. Classification of MPs by shape. a) Transparent fiber, b) blue fiber, c) blue fiber, d) red
fragment, e) black fragment, f) transparent fragment.
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Figure 7. Clasification and proportion of MPs by polymers and shape type. a) Percentage of
polymers found along the ice core. b) Percentage of fibers and fragments of MPs recorded in
the ice core.

3.3 MPs accumulation rate over time

The trend in the increase of MPs was graphically represented as a function of ice core
depth (Figure 2). Isotopic peak analysis (Figure 5) allowed for the identification of
samples corresponding to a hydrological year. The results show that, within the
logarithmic depth range of 1.85 to 2.95, which covers one hydrological year, the number
of MPs increased from 36 particles at the beginning of the year to 83 particles at the
end, representing an increase of 47 MPs. The accumulation rate of MPs is represented

by the trendline equation for the 35 samples (Figure 2), which is:

Amount of MPs = 70.9257 + (—0.0584) (Depth)

In this equation, the coefficient —-0.0584 represents the slope, which indicates the
change in the amount of MPs in response to changes in depth. Specifically, a slope of
-0.0584 means that for each additional unit of depth, the amount of MPs decreases by
0.0584 units. This reflects an inverse relationship between MPs and depth: MPs are

increasing at a rate of 5.84% per year of continuous snow accumulation.
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4. DISCUSSION

This study estimated the accumulation rate of MPs over a hydrological year using an 8-
meter ice core from the 15-a Glacier on the Antisana Volcano in Ecuador. The
accumulation rate, represented by the slope of the trendline equation (Figure 2)
Amount of MPs = 70.9257 + (—0.0584)(Depth) indicates that atmospheric MPs
accumulate in remote areas like high mountain glaciers at a rate of 5.84% per year. From
the 35 samples taken along the ice core, 1762 MPs were visually quantified, showing an
increase from 36 to 83 particles over 12 months, indicating that the number of MPs
more than doubled within a year. Notably, the controls revealed less than 10%

contamination, confirming the reliability of the sample analysis.

Paleoclimatic records obtained from Andean ice cores show that the Atlantic Ocean is
their main source of moisture (Ginot et al., 2010; Stansell et al., 2023; Vimeux et al.,
2005; Vuille, 2023). The deposition of MPs in tropical Andean glaciers like Antisana
implies that MPs are incorporated into the long-distance moisture transport that begins
in the Atlantic (Cabrera et al., 2022). Furthermore, as air masses traverse the Amazon
rainforest, recurrent precipitation removes certain suspended particles from the
atmosphere, including microplastics (Baker and Fritz, 2015; Laraque et al.,, 2007;
Thompson, 2000). This process causes many microplastics to be trapped in the Amazon
rainforest, reducing the amount that ultimately reaches the glaciers. However, our
results indicate a high annual accumulation rate of microplastics compared to other

environments.

Comparing our results with global projections by Lebreton et al. (2019) for MPs
accumulation on the ocean surface, we observed significant differences in growth rates.
MPs in the atmosphere increased approximately 2.3 times (from 36 to 83 particles)
between 2021 and 2022, while oceanic MPs grew by only 1.05 times (from 594,000 to
629,300 tons) in the same period (Figure 8). Atmospheric transfer of MPs is notably

faster than aquatic transfer, enabling long-distance transport to remote areas without
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nearby sources of pollution. This could be due to smaller, less dense MPs being more
easily carried by wind, while larger MPs remain longer in coastal areas and thus undergo
fragmentation until they have the characteristics to be transported by air or water

current (Hinata et al., 2023).
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Figure 8. Differences between the growth rates of atmospheric MPs quantified in this research
and the Lebreton model data on the increase of MPs in the ocean. The amount of MPs in the
atmosphere multiplied approximately by 2.3 from its initial value, while the amount of MPs in
the ocean multiplied by 1.05 from its initial value.

It was determined that the most common form of MPs were fibers (67.74%), followed
by fragments (32.26%) of the total 1762 visually quantified particles. This proportion
may be due to fibers having a higher surface area relative to their volume and being less
dense than other forms of MPs, allowing them to be transported over greater distances
(Zuo et al., 2024). Density plays a significant role in the long-distance transport of
particles like microfibers (Cai et al., 2015). Fibers have also been characterized as the
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most common form of MPs in mountain ranges such as the Alps and Andes (Cabrera et
al., 2020, Napper et al., 2020; Parolini et al., 2021). This recurrence may be due to fibers
being the most common type of MPs used in the textile industry, constituting a large
part of primary MPs. The increase in fiber production over time is linked to the growth
of synthetic textile manufacturing, which is estimated to have a growth rate of 6.6%

between 2021 and 2028 due to the growing demand for polyester (Gao et al., 2024).

Fragments were found to be the second most common type of MPs among the 1762
particles counted. Fragments originate from the breakdown of larger plastic items
(Pinlova & Nowack, 2024) and can be transported to remote areas. Unlike fibers, which
easily travel through the air due to their low density, fragments undergo a more
extensive segmentation process before becoming small enough to be transported via
water and air. Irregularly shaped MP fragments can get trapped in porous materials due
to their uneven surface (Dong et al., 2021, 2022), which could contribute to the higher

presence of microfibers in the atmosphere.

The polymers identified in the 15 smples analyzed with FTIR included Polyethylene (PE,
28.6%), Propylamine (PMA, 28.6%), 2-(dimethylamino)ethyl methacrylate copolymers
(PDMAEMA, 14.29%), Polyester (PS, 9.52%), Polyethylenimine (PEIl, 4.76%), Polyamide
(PA, 4.76%), Polytetrafluoroethylene (PTFE, 4.76%), and Cellulosic polymers (4.76%).
The results of the polymer type analysis using FTIR determined that there was a higher
concentration of polymers like propylamine (PMA) and polyethylene glycol (PE), which
may be related to the rapid expansion of the packaging and textile industries. PE is the
predominant material in food packaging (Cheshmazar et al., 2021; Isci & Dagdemir,
2024). However, PE includes substances such as antimony, lead, and phthalate esters,
which cause issues in human reproduction, allergies/asthma, and carcinogenicity

(Ulanova et al., 2019, Vernet et al., 2017, Jeddi et al., 2016).

Finally, the annual accumulation rate of MPs on the Antisana glacier is increasing at a
rate of 5.84%. This rise reflects the growing presence of MPs in the atmosphere and in

the air we breathe, although in different proportions compared to the ice core. It is
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important to note that the MPs we are currently recording originate from plastics
released into the environment before the 1970s (Lebrenton et al., 2019), and therefore,
the amount of MPs will increase exponentially in the coming years. The deposition of
MPs on tropical glaciers contributes to the contamination of rivers such as the Amazon
and may reduce the snow albedo, accelerating glacier melt (Kang et al., 2019). This
melting will increase MP contamination in meltwater, affecting water quality in areas
like Quito. A more detailed assessment of the transport and accumulation of MPs in
other aquatic environments is required to improve estimates of when MPs will become

harmful to human health.
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5. CONCLUSION

This study confirms that the amount of MPs in the Antisana Glacier is inversely
proportional to the depth of the ice core. That is, MP accumulation indeed increases as
the ice is deposited, as evidenced by an annual accumulation rate of 5.84%. This finding
indicates that MPs in the atmosphere accumulate in remote areas such as high mountain
glaciers and increase in the air we breathe. Over the studied year, the amount of MPs in

the ice core more than doubled, rising from 36 to 83 particles.

Comparisons with global projections reveal that atmospheric transport of MPs occurs at
a much faster rate than oceanic transport, suggesting considerable long-distance
transport capability. Moreover, the predominant MPs are fibers, linked to the textile
industry, and fragments resulting from the breakdown of larger plastics. The deposition
of MPs in tropical glaciers contributes to the contamination of rivers like the Amazon
and can reduce snow albedo, accelerating glacier melt. This increase in melting may
intensify MPs contamination in meltwater, affecting water quality in areas such as Quito.
It is important to note that the MPs currently recorded originate from plastics released
before the 1970s, and accumulation rates are expected to continue rising. While the
consequences are not yet fully understood, further studies on the transport and
accumulation of MPs in different environments are crucial to better assess their

potential impacts on human health and the environment.
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