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Abstract: The impact of the anthropic activities in Antarctica is a concerning issue. According
to the Scientific Committee on Antarctic Research, attention has to be paid to the next-generation
contaminants deriving from both long-range atmospheric transport and local sources. In this study,
the capabilities of transmission electron microscopy with energy-dispersive X-ray spectroscopy
and Raman micro-spectroscopy were exploited to evaluate the size, morphology, and chemical
composition of small micro- and nanoparticles, as well as their aggregates, in surface snow samples
collected during the 2020–2021 austral summer in the coastal area of Victoria Land near the Mario
Zucchelli research station. The presence of biological particles, mineral dust, sea salts, and small
carbonaceous and plastic micro- and nanoparticles was assessed. Sulfate, carbonate, and nitrate
minerals were detected in all the samples, whereas polyethylene, poly(ethylene-co-vinyl-acetate),
and different kinds of carbonaceous materials were predominantly identified in the samples closest
to the research base. The presence of small micro- and nanoparticles containing heavy metals and
plastic polymers in samples collected in the areas surrounding the Italian research base highlights
the impact of anthropogenic activities on the polar environment, suggesting the need for continuous
monitoring to evaluate possible threats to the delicate Antarctic ecosystem.

Keywords: Antarctica; small microparticles; nanoparticles; transmission electron microscopy;
Raman spectroscopy

1. Introduction

The effects of the presence of humans in Antarctica is a debated issue; although this
polar region is considered relatively isolated from anthropogenic influence, it is affected by
the presence of pollutants deriving from both long-range atmospheric transport (LRAT)
and local sources. A variety of pollutants have been detected, including personal care
products [1,2], pharmaceuticals [3], polycyclic aromatic hydrocarbons [4,5], and heavy
metals [6,7], both near research bases and in wider geographical areas. Beyond direct
contamination episodes, the study of the LRAT of pollutants toward polar areas is an
interesting research field, since contaminants characterized by reduced environmental
mobility can also be atmospherically transported over long distances [1]. Recent studies
tracked the same pollutants in the treated discharges of research bases in nearby areas,
according to the wind pattern, and in seawater, observing a significant increase in the
concentration levels during the seasonal melt of the sea ice and of its snow cover [2].

In this context, an emerging area of research is the determination of micro- and nano-
materials [8,9], including nanoparticles (NPs); quantum dots; and organic nanomaterials,
such as carbon-based materials and mixed organic–inorganic nanomaterials. These sub-
stances can derive from a variety of sources, being intentionally produced or deriving from
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contamination by anthropic activities [10]. In particular, due to their small size, NPs, having
both organic and inorganic composition, can exert a large effect on atmospheric chemistry,
together with increased environmental reactivity and toxicity. Their determination is an
important issue for understanding the mechanisms of transferring pollutants through
the environment. In this context, polar regions are an interesting sink for environmental
contaminants; precipitation is recognized as an effective scavenger of aerodispersed matter,
leading to its accumulation in the snowpack, where it can be preserved for long periods
due to the low temperatures and reduced sunlight exposure [4,11].

NPs are materials with a size in the 1–100 nm range and can be either artificially
engineered or produced via natural processes or human activities [12,13]. The analysis of
NPs requires the use of different analytical approaches, among which electron microscopy
(EM) techniques, including transmission electron microscopy (TEM) [14,15], environmental
scanning electron microscopy (ESEM) [16,17], scanning probe microscopy, and atomic force
microscopy (AFM) [18,19], are particularly suitable for the imaging and characterization
of individual NPs due to their intrinsic sub-nanometer-scale resolution. These techniques
represent a valuable tool for nanomaterial characterization in terms of morphology, size,
and structure. In addition, TEM equipped with energy-dispersive X-ray spectroscopy
(EDX) provides qualitative and/or semi-quantitative elemental composition information of
the investigated particles using 2D chemical spatial mapping, also at the nanoscale level.
These unique features are crucial for effective particle classification. Moreover, unlike bulk
methods, TEM/EDX can also reveal the mixing state of particles, showing the coexistence
of different chemical and physical phases within a particle. This significantly contributes to
a comprehensive understanding of their sources and their impacts on the environment [20].
When applied to the study of carbonaceous particles, TEM enables a focused examination
that characterizes and discriminates between various particle types, including nanoplastics,
black carbon, and organic matter [21]. This advanced analysis provides valuable insights
into the probable sources of emission, allowing for differentiation between natural and
anthropogenic origins.

Concerning the determination of micro- or nanoparticles, additional techniques based
on thermal analytical methods coupled with mass spectrometry [22,23] or vibrational
spectroscopy, including Fourier transform infrared spectroscopy (FTIR) and Raman spec-
troscopy [24–28], can be applied to determine information about the sample composition.
Whereas pyrolysis–gas chromatography coupled with mass spectrometry has proven to
be effective for nanomaterial analysis [11,29], both FTIR and Raman micro-spectroscopy
are non-destructive techniques suitable for the detection of sub-micromaterials, providing
detection limits of about 20 µm and 1 µm [30,31], respectively. Raman micro-spectroscopy
is frequently used as a valid alternative to infrared spectroscopy due to its common ad-
vantages of high efficiency, negligible interference from water, and intrinsically higher
spatial resolution.

In addition, liquid chromatography–mass spectrometry (LC-MS) is expected to evolve
as one of the most versatile and reliable analytical techniques for the characterization of
NPs, offering a valuable tool to advance the knowledge of the properties and behavior of
nanomaterials and to monitor their eventual long-term effects on health and the environ-
ment, which have not been predicted so far [32]. With reference to micro- and nanoplastics,
the LC-MS technique plays an important part in the context of their pollution, since it can
be used not only for particle detection, identification, and quantification but also for the
determination of organic contaminants in micro- and nanoplastic samples by studying
sorption/migration phenomena [33].

In the context of a research project that aimed to develop innovative analytical methods
to characterize the chemical load present in polar regions, with a focus on micro- and
nanoparticle contamination in Antarctic snow, in this study, TEM/EDX and Raman micro-
spectroscopy were exploited to qualitatively evaluate critical parameters such as the size,
morphology, and chemical composition of individual particles and their aggregates at the
micro/nanoscale. This information can be of pivotal importance to assess the occurrence
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and distribution of small micro- and nanomaterials in remote regions, identifying potential
sources, and their impact on the environment.

2. Materials and Methods
2.1. Sample Collection

Surface snow samples were collected in the coastal area of Victoria Land (Antarctica)
near Mario Zucchelli Station, one of the Italian research bases in Antarctica, located in
Terra Nova Bay, along the coast of the Northern Foothills, north-east of Gerlache Inlet.
The sampling coordinates are reported as follows: sample A was collected from the Icaro
Camp meteorological station area (74◦42′37′′ S, 164◦07′05′′ E), sample B near Enigma Lake
(74◦42′38′′ S, 164◦01′10′′ E), sample C from Browning Pass (74◦36′55′′ S, 163◦56′29′′ E),
sample D near Cape Phillips (73◦03′41′′ S, 169◦36′16′′ E), and sample E from Adelie Cove
(74◦ 45′ 40′′ S 169◦ 36′ 16′′ E) (Figure 1). All the samples were obtained during the 2020–2021
austral summer and kindly provided by the National Antarctic Research Program (PNRA)
“Emerging COntaminants in Antarctic Snow: sources and TRAnsport ECO:ASTRA”. En-
vironmental variables related to the sampling campaign have been reported in previous
studies [34,35]. Snow samples were manually sampled after the removal of the uppermost
superficial layer (0.3–0.8 cm) using pre-cleaned premium-grade polystyrene accuvettes to
prevent contamination, with a maximum depth of 12 cm [6]. The samples were collected
using both wide-mouthed glass and acid-pre-cleaned HDPE bottles (500 mL volume). All
the glass bottles were rinsed twice with deionized water and dried prior to sampling.
The operators wore clean-room clothes and approached the sampling areas upwind from
the dominant wind direction. To prevent sample contamination, motorized activity was
interrupted about 300 m from the collecting site. All the samples were frozen immediately
after collection and maintained at −20 ◦C until analysis.
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Figure 1. Sampling sites (A–E) of surface snow in Antarctica.

All the glassware and materials used for sampling, filtering, or analysis were thor-
oughly cleaned following the procedure proposed by Grotti et al. [6], which required
consecutive cleaning steps using 10% v/v analytical-grade nitric acid (nitric acid 65% Merk,
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Milan, Italy), 1% v/v suprapure-grade nitric acid (suprapure nitric acid 65%, Supelco,
Bellefonte, PA, USA), and ultrapure water (Milli-Q water).

2.2. TEM/EDX Analysis

After melting the samples at room temperature, a preliminary size-separation step
was carried out by filtering the melted snow by using 25 mm polycarbonate cyclopore
membranes (Whatman Inc., Chalfont St. Giles, UK) with a pore size of 2 µm, followed by a
subsequent filtering step using 0.40 µm filters and the collection of the filtrate into an acid
(HNO3)-pre-cleaned beaker to prevent contamination [7]. All the steps were carried out
in a clean room, and the operators wore cotton clothes. After filtration, a 150 mL aliquot
was reduced to approximately 500 µL through gentle evaporation to prevent potential
nanoparticle loss [6]. Fifteen drops, each with a volume of 10 µL, were drop-cast onto
ultrathin holey carbon films supported by a copper TEM grid (Ultral-Thin Carbon Film
Supported Copper Gilder Finder F1 Grids, Merk, Milan, Italy), allowing the partial drying
of the grid after each individual drop.

TEM analyses were performed with a JEOL JEM-2200FS microscope (Milan, Italy)
operating at 200 kV, equipped with an Oxford detector (80 mm2) (Oxford Instrument, High
Wycombe, UK) for imaging and EDX spectroscopy. The images of individual particles were
taken in both conventional TEM imaging mode and high-angle annular dark-field scanning
TEM mode (HAADF-STEM). To ensure the representativeness of the analyzed particles,
10 mesh areas of the grid, each covering an area of approximately 104 µm2, were examined,
encompassing particles from both the center and periphery. Field blank analyses were
conducted to identify and exclude potential contamination during the entire sampling,
storage, and preparation process. One hundred and fifty milliliters of Milli-Q water was
analyzed in accordance with the same procedure described above.

2.3. Raman Micro-Spectroscopy

The snow samples stored in glass bottles were melted at room temperature and
filtered using 25 mm SPI-pore polycarbonate membrane filters with a pore size of 20 µm
(SPI Supplies, West Chester, PA, USA). While operating in a clean room, the filtrate was
collected into a pre-cleaned beaker to avoid contamination. Five drops of the sample were
deposited on an aluminum-covered slide and subjected to Raman analysis. Raman spectra
were acquired with a Horiba LabRAM HR Evolution Raman micro-spectrometer (Horiba,
Kyoto, Japan) equipped with a liquid-nitrogen-cooled CCD. A 633 nm He-Ne laser coupled
with a ULF Bragg filter was used for excitation, and the laser power was adjusted to below
1 mW to avoid the thermal decomposition of the samples. Daily calibration was performed
with a silicon slice using the 520.6 cm−1 band.

Field blank analyses were conducted to identify and exclude potential contamina-
tion during the entire sampling, storage, and preparation process. One hundred and
fifty milliliters of Milli-Q water was analyzed in accordance with the same procedure
described above.

The investigated region was approximately 500 µm × 500 µm. The region of interest
was first optically imaged with 10× magnification in order to identify and locate micro-
and sub-microparticles, and then the Raman spectrum of each particle was collected with
a 100× magnification objective. Due to the presence of different particles, ranging from
microplastic materials to carbon soot and inorganic particles, the acquisition parameters
were modified to ensure the best signal-to-noise ratio, always starting from the minimal
laser power (below 0.1 mW) to protect materials from thermal degradation. The exposure
time was fixed from 10 to 30 s, with 3 to 6 spectral accumulations. The LabSpec Spectroscopy
Suite (version 6.4.1.51) software was used for data analysis. Compound identification was
carried out by comparing the acquired spectra with those stored in the PublicSpectra open
Raman spectral database [https://publicspectra.com/, last access 9 January 2024] and rruff
database (https://rruff-2.geo.arizona.edu/, last access 9 January 2024).

https://publicspectra.com/
https://rruff-2.geo.arizona.edu/
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3. Results

The processes involved in the transport and deposition of pollutants in polar regions
are complex and still require additional investigations. Although heavy metals or persistent
organic pollutants [5,6] have been used as proxies of environmental change, nowadays,
emerging contaminants represent an additional issue of concern [2,10]. In Antarctica, it
has already been observed that contamination can derive from both local sources and
long-range transport. Previous studies highlighted the presence of metals, namely, Cd, Cr,
Cu, Pb, and Zn, in particulate matter [7,36] and microplastics [37] related to the activities
of the research stations in Antarctica, with wastewater, heating systems, and outdoor
clothing or equipment being the major sources of contamination [7,37,38]. However,
additional inputs derive from long-range transport. In this study, five samples of Antarctic
snow collected in Terra Nova Bay were analyzed to investigate the presence of small
micro- and nanomaterials, exploiting the capabilities of both TEM/EDX and Raman micro-
spectroscopy. In particular, four samples were collected in areas neighboring the Italian
research station Mario Zucchelli, located in the Ross Sea area in Victoria Land, and one
sample in Cape Phillips, 250 km NE from the station.

3.1. TEM/EDX Analysis

The deposition method resulted in a surface density of approximately 104 nanoparti-
cles per square millimeter. The particle size distribution at the nanoscale is illustrated in
Figure 2: no significant variation was observed across the collected samples.
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Figure 2. The size distribution of the nanoparticles in the snow samples.

Particles of different origins were observed: based on their composition and morphol-
ogy, the particles were classified as biological, mineral dust, S-rich, sea salt, carbonaceous,
and metal oxide nanoparticles, with mineral dust being the most abundant class, followed
by carbonaceous nanoparticles. Table 1 summarizes the types of particles, including their
structural/morphological properties, size, and sampling locations. Representative TEM
images of these categories are illustrated in Figure 3.

Diatoms and marine salts were predominantly identified in the samples collected
near the coast (sample D), indicating a significant influence of marine aerosols on the
composition of the snow. Additionally, S-rich particles were abundant in the sample closest
to the coast, and their origin could be attributed to marine phytoplankton, as reported in
a previous study [28]. As represented by the HAADF image and EDX maps (Figure 4),
numerous mineral dust particles and aggregates, characterized by irregular shapes and
sharp edges, were identified in all samples. These particles were mainly constituted by
O, Na, Si, Al, Ca, P, K, Mg, and Fe, and their origins were attributed to natural geological
processes, meaning they originated from the Earth’s crustal surface and were further
dispersed through LRAT [6,7].
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Table 1. Type and morphology of particles detected in each sample.

Particle Types Major Elements Structure and Morphology Size Samples

Biological O, SI, Al Amorphous, mainly diatoms >500 nm D

Mineral dust O, Na, Si, Al, Ca, P, K,
Mg, Fe

Crystalline and amorphous, irregular
shapes with sharp edges >10 nm All samples

S-rich Mainly S, minor Cl, Si Amorphous, sponge-like morphology 50–150 nm All samples,
abundant in D

Sea salt Na, Cl, S, Mg Crystalline, mainly cubic >200 nm D

Soot Mainly C and O and
traces of S, Ca, K, Pb, Zn

Chain-like aggregates of nearly spherical
carbon nanoparticles; onion-like
nanostructure of graphitic layers

10–100 nm A, B

Fly ash
Mainly C, Si, Al, and Fe
and contributions from

P, Mg, Ca, and K
Amorphous, spherical shape 50–300 nm A, B, C, E

Mixing state of
individual particles

C, O, Na, Si, Al, Ca, P, K,
Mg, Fe

Crystalline and amorphous, aggregates of
fly ash, soot, and mineral dust. Core-shell

and complex morphology
>100 nm A, B, C, E

Ti/Fe oxide
nanoparticles Ti, Fe, O Crystalline, isolated or aggregated 5–100 nm A, B, C, E

Cd oxide
nanoparticles Cd, O Crystalline, isolated 50–100 nm A, B
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Figure 3. TEM images showing the typical and more abundant particles in the snow samples. (a) A
TEM image of a diatom; (b) a HAADF-STEM image of a S-rich particle; (c) a HAADF-STEM image of a
mineral fragment; (d) TEM and HAADF-STEM images of different mixed carbonaceous nanoparticles;
(e) a HAADF-STEM image of metal oxide nanoparticles.
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Figure 4. A HAADF-STEM image and the corresponding EDX maps of a mineral dust particle
detected in sample A.

The presence of soot and fly ash particles in the Antarctic snow can be attributed
to both local sources and LTRA. Locally, contributions arise from the research stations
and anthropogenic activities involving the combustion of fossil fuels for transportation
(ships, vehicles, aircraft) and power generation, as well as for heating. On the other hand,
long-distance sources encompass natural events such as wildfires, volcanic eruptions,
and specific natural processes characterized by the incomplete combustion of organic
matter. Various carbonaceous particles, ranging from a few nanometers to a few hundred
nanometers, were predominantly identified in the samples closest to Mario Zucchelli
Station (samples A and B). The primary type of these carbonaceous particles consisted of
soot characterized by quasi-spherical carbon nanoparticles with typical diameters ranging
from 10 to 100 nm: these particles aggregated into chain-like structures extending up to
one micron, probably due to aggregation phenomena occurred during the evaporation step
(Figure 5a,b). Some soot nanoparticles displayed an onion-like nanostructure of graphitic
layers when observed at high resolution (Figure 5c). They were predominantly composed
of C and O, although traces of S, Ca, and K were observed in some soot particles. Notably,
one soot aggregate showed traces of Pb (Figure 5d). Soot was also observed decorating fly
ash particles and mineral dust, forming large mixed aggregates and core–shell structures,
as reported in Figure 3d.

In addition to soot, various amorphous spheroidal carbonaceous particles, ranging
from 50 to 300 nm, were identified: the most common elements included Si, Al, Fe, with
additional contributions from P, Mg, Ca, and K. Based on their morphology and compo-
sition, these particles could be attributed to fly ash particles. Fly ash particles were often
adorned by mineral dust and soot particles. This unique characteristic imparted complexity
to their morphology, with particles having spherical shapes with round or sharp edges and
sometimes exhibiting core–shell structures (Figure 3d).

A high concentration of iron and titanium oxide nanoparticles, having dimensions
lower than 100 nm, in either isolated or aggregated forms, was observed in all analyzed
samples except for sample D, located 250 km NE from the Italian research station. These
findings could be related to increased levels of contamination deriving from the presence
of the research base. An aggregate containing both types of nanoparticles is presented
in Figure 6a. Moreover, EDX analysis revealed the presence of Zn and heavy metals,
including Cd and Pb, predominately in the samples collected near Mario Zucchelli Station
(A, B, C, E). In particular, Cd was identified in the form of cadmium oxide nanoparticles
(Figure 6b), whereas Pb was localized in the proximity of soot particles. The identification
of these elements in Antarctic snow samples was not surprising: as reported in previous
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studies [6,36], snow samples collected near the Ingrid Christensen Coast of East Antarctica
and Dome Concordia were characterized by the presence of several trace elements, such as
Zn, Cu, Mo, Cd, As, Se, Sb, and Pb. These elements were very abundant compared with
known natural sources, thus suggesting their anthropogenic origin.
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3.2. Raman Micro-Spectroscopy

Raman micro-spectroscopy was applied in this study for the characterization of small
micromaterials (1–20 µm). The use of a 633 nm laser allowed for obtaining good-quality
spectra: in only some cases, the 785 nm laser source was more effective in reducing the
fluorescence background. The majority of microparticles identified in the melted snow
samples were minerals, carbonaceous particles, and small microplastics.

According to the results obtained by TEM analyses of NPs, in all the samples located
near the research base (A, B, C, E), small microparticles of carbonaceous origin were
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identified. As reported in Figure 6, the Raman spectra of these particles showed the
presence of two characteristic broad overlapping bands at 1585 cm−1 and 1360 cm−1,
corresponding to the so-called G and D bands, respectively. The identification of such
carbonaceous particles is still a debated issue, since different shapes and intensities of the
bands could be related to the nature of carbon. It is known that the G peak is associated
with the E2g mode of bulk crystalline graphite, whereas the D peak appears when the
graphite breaks down near the crystal edges. Finally, the presence of both peaks suggests
that the particles were formed by amorphous carbon, i.e., a combination of crystalline
graphite and non-graphite elements [39]. The Raman response of the carbon particles was
not different for most of the analyzed samples, with the intensity of the D band being
higher than that of the G band (Figure 7a,b). Some exceptions were found in sample A,
where a few particles were characterized by an inversion of the band intensities (Figure 7c).
As stated in previous studies [40,41], these findings could suggest the existence of different
sources of carbonaceous particles.
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Figure 7. Raman spectra of different small carbonaceous microparticles present in sample A: (a,b) car-
bon particles characterized by the D band being higher than the G band; (c) a particle with inverted
band intensities.

Minerals, including sulfates, carbonates, and nitrates, were present as the most abun-
dant species in all the samples. Figure 6 shows some examples related to burkeite—
Na6(CO3)(SO4)2 (RRUFF ID spectra R060112) (Figure 8a) [42,43]; sodium nitrate—NaNO3
(Figure 8b) [28]; and glauberite—Na2Ca(SO4)2 (RRUFF ID R050350) (Figure 8c) [43,44].
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Many inorganic species have already been identified in previous studies. As in the
case of carbonaceous particles, their origins are still debated. In particular, a study dealing
with the characterization of Antarctic aerosol samples collected during austral summer
and winter revealed the increased presence of nitrates and sulfates in the samples collected
during summer as a consequence of high phytoplankton activity [28]. In a different study,
the origin of sulfate in Antarctic dry-valley soils was ascribed not only to wind-blown sea
salt but also to the atmospheric oxidation of reduced gaseous sulfur compounds [45].

Small microplastics were the other class of identified particles. In this study, attention
was paid to particles < 20 µm. They were identified in all samples with diameters in
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the 2–20 µm range, but differences in their composition were observed. More precisely,
polyethylene (PE) particles were common to all the sampling sites. This polymer has been
frequently detected in Antarctica: Cincinelli and coworkers [27] detected polyethylene
(PE) and polypropylene (PP) as the dominant polymers in surface waters near shore and
off-shore the coastal areas of the Ross Sea. PE, PP, and polyethylene terephthalate were also
detected in polar ice by different research groups [11,46].

In this study, poly(ethylene-co-vinyl-acetate) (PEVA) particles having dimensions in
the 15(±10) × 12(±6) µm range were also observed in samples A, B, and C. An example
of the Raman spectrum of PEVA is reported in Figure 9 with the characteristic bands of
the polyethylene structure due to C–H stretching frequencies (around 3000 cm−1), C–H
bending and twisting (1296 and 1440 cm−1), and C–C stretching (1063 and 1130 cm−1),
along with the band at 1730 cm−1 marking the C=O carbonyl group of the acetate.

Appl. Sci. 2024, 14, x FOR PEER REVIEW 11 of 16 
 

 

 
Figure 9. The Raman spectra of PEVA: the experimental spectrum (blue) vs. the spectrum stored in 
the PublicSpectra open Raman spectral database (yellow). 

PEVA is a copolymer of vinyl acetate and ethene monomers with excellent mechani-
cal properties and resistance to ozone, weather, and UV. It is a low-cost material used for 
a large variety of applications, including the use as an encapsulant for photovoltaic mod-
ules or daily-use products [47]. Therefore, the presence of this copolymer in the samples 
collected near the Italian research base could be ascribed to the predominant effect of a 
local pollution source due to anthropogenic activities, such as the recent installation of a 
photovoltaic plant at Mario Zucchelli Station. 

3.3. Occurrence of Small Micro- and Nanoparticles in Antarctica 
Our findings demonstrated the presence of small microplastics and nanoparticles re-

lated to anthropic activities, mostly detected in the area facing Terra Nova Bay, where four 
scientific research stations are active, namely, Mario Zucchelli Station (74°41′45″ S, 
164°6′20″ E), Jang Bogo Station (74°37′27″ S, 164°13′32″ E), Gondwana Station (74°38′7″ S, 
164°13′18″ E), and Qinling Station (74°52�15�� S, 163°39�50�� E). By contrast, only nanopar-
ticles composed of elements typical of the crustal surface were detected in Cape Phillips, 
located about 250 km NE from the previously mentioned research stations. Unfortunately, 
due to the reduced number of samples, no distribution studies or comparative analyses 
considering different sampling periods could be performed. Nevertheless, this study adds 
valuable knowledge to the field of environmental contamination and its potential sources 
in Antarctica, a region with unique ecological significance. 

Previous studies highlighted the presence of major crustal components and trace 
metals having an anthropogenic origin in Antarctica. Grotti et al. analyzed dissolved and 
particulate phases in samples from Terra Nova Bay, Talos Dome, and Dome Concordia 
[6,7], highlighting higher enrichment factors of anthropogenic elements, namely, Cd, Cr, 
Cu, Pb, and Zn. Bazzano et al. analyzed size-segregated aerosol samples collected in dif-
ferent areas of Terra Nova Bay, quantifying major and trace elements, as well as the lead 
isotopic composition, to better understand their origin and transportation pathways [48]. 
The major elements, e.g., Al, Co, Fe, and Mn, were mainly related to crustal sources, 
whereas the marine contribution was significant for Li, Mg, and Na. An anthropogenic 
impact was demonstrated for Cr, Cu, Mo, and Pb; the analysis of lead isotope ratios con-
firmed both natural and anthropogenic inputs, with the long-range transport of polluted 
aerosols from South America and Australia. Thamban et al. [36] investigated the distribu-
tion and source pathways of metals in surface snow from ice-free and ice-covered areas 
along a coast-to-inland transect in the Ingrid Christensen Coast, East Antarctica. Samples 
collected in the coastal areas showed higher concentrations of marine elements (Na, Ca, 
Mg, K, Li, and Sr), as well as Al, Fe, Mn, V, Cr, and Zn, compared to inland sites. In agree-
ment with the above-mentioned studies, Zn, Cu, Mo, Cd, As, Se, Sb, and Pb were highly 
enriched compared to known natural sources, thus suggesting their anthropogenic origin. 
Calace et al. [49] investigated the presence of heavy metals (Cu, Zn, Cd, Pb, and As) asso-
ciated with high-molecular-weight compounds in samples collected during the austral 

Figure 9. The Raman spectra of PEVA: the experimental spectrum (blue) vs. the spectrum stored in
the PublicSpectra open Raman spectral database (yellow).

PEVA is a copolymer of vinyl acetate and ethene monomers with excellent mechanical
properties and resistance to ozone, weather, and UV. It is a low-cost material used for a large
variety of applications, including the use as an encapsulant for photovoltaic modules or
daily-use products [47]. Therefore, the presence of this copolymer in the samples collected
near the Italian research base could be ascribed to the predominant effect of a local pollution
source due to anthropogenic activities, such as the recent installation of a photovoltaic
plant at Mario Zucchelli Station.

3.3. Occurrence of Small Micro- and Nanoparticles in Antarctica

Our findings demonstrated the presence of small microplastics and nanoparticles
related to anthropic activities, mostly detected in the area facing Terra Nova Bay, where
four scientific research stations are active, namely, Mario Zucchelli Station (74◦41′45′′ S,
164◦6′20′′ E), Jang Bogo Station (74◦37′27′′ S, 164◦13′32′′ E), Gondwana Station (74◦38′7′′ S,
164◦13′18′′ E), and Qinling Station (74◦52′15′′ S, 163◦39′50′′ E). By contrast, only nanopar-
ticles composed of elements typical of the crustal surface were detected in Cape Phillips,
located about 250 km NE from the previously mentioned research stations. Unfortunately,
due to the reduced number of samples, no distribution studies or comparative analyses
considering different sampling periods could be performed. Nevertheless, this study adds
valuable knowledge to the field of environmental contamination and its potential sources
in Antarctica, a region with unique ecological significance.

Previous studies highlighted the presence of major crustal components and trace
metals having an anthropogenic origin in Antarctica. Grotti et al. analyzed dissolved and
particulate phases in samples from Terra Nova Bay, Talos Dome, and Dome Concordia [6,7],
highlighting higher enrichment factors of anthropogenic elements, namely, Cd, Cr, Cu,
Pb, and Zn. Bazzano et al. analyzed size-segregated aerosol samples collected in different
areas of Terra Nova Bay, quantifying major and trace elements, as well as the lead isotopic
composition, to better understand their origin and transportation pathways [48]. The
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major elements, e.g., Al, Co, Fe, and Mn, were mainly related to crustal sources, whereas
the marine contribution was significant for Li, Mg, and Na. An anthropogenic impact
was demonstrated for Cr, Cu, Mo, and Pb; the analysis of lead isotope ratios confirmed
both natural and anthropogenic inputs, with the long-range transport of polluted aerosols
from South America and Australia. Thamban et al. [36] investigated the distribution and
source pathways of metals in surface snow from ice-free and ice-covered areas along a
coast-to-inland transect in the Ingrid Christensen Coast, East Antarctica. Samples collected
in the coastal areas showed higher concentrations of marine elements (Na, Ca, Mg, K,
Li, and Sr), as well as Al, Fe, Mn, V, Cr, and Zn, compared to inland sites. In agreement
with the above-mentioned studies, Zn, Cu, Mo, Cd, As, Se, Sb, and Pb were highly en-
riched compared to known natural sources, thus suggesting their anthropogenic origin.
Calace et al. [49] investigated the presence of heavy metals (Cu, Zn, Cd, Pb, and As) as-
sociated with high-molecular-weight compounds in samples collected during the austral
summer in 2005–2006 in Concordia Station (Dome C) along a trench having a 4 m depth.
An increased metal concentration was obtained at a depth of 2.0–2.5 m, highlighting the
formation of complexes between organic matter and heavy metals, thus resulting in the
transportation of contaminants within the ice cores. Recently, Darham et al. published a
review summarizing the occurrence of heavy metals in Antarctica and their remediation so-
lutions [50]. The impacts of these compounds on the environment, ecosystems, and human
health were also extensively described. It was observed that elements play a fundamental
role in the biological processes of phytoplankton populations, impacting the whole marine
ecosystem [51,52].

As for soot, it was detected in aerosols on Deception Island [53] and in surface snow
collected from 28 sites across a transect of 2000 km from the northern tip of Antarctica to the
southern Ellsworth Mountains [54]: concentrations in the 2–4 ng/g range were obtained in
the areas surrounding research facilities and popular shore tourist-landing sites, whereas
considerably lower amounts (~1 ng/g) were measured in remote areas. The major concern
related to the presence of soot in snow is ascribed to the accelerated melting and shrinking
processes of the Antarctic snowpack.

Concerning plastic particulate pollution, similar assumptions can be made. Even
though Antarctica is considered uncontaminated land, the presence of micro- and nanoplas-
tics has often been investigated in the last decade. Munari et al. [55] collected and analyzed
by FT-IR several sediment samples from Terra Nova Bay during the 30th Antarctic Expedi-
tion in the austral summer of 2015. Various plastic particles with lengths in the 0.3–22 mm
range made of nine different polymeric materials were detected. Fibers were the most
frequent type of small plastic debris detected, with a decreasing concentration farther from
the Mario Zucchelli research station. Reed et al. [56] analyzed sediments from intertidal
and nearshore marine locations close to Rothera Research Station, Adelaide Island, in the
west of the Antarctic Peninsula. Particles with characteristics similar to those commonly
produced by clothes washing were recorded in sediment collected near the station sewage
treatment plant outfall. In accordance with the above-mentioned findings, microplastic
occurrence was also observed in Antarctic fish, as described by Zhu and coworkers [57]:
polypropylene, polyamide, and polyethylene microparticles were present in fiber-like
form in almost every investigated sample. The same polymers were the predominant
plastics detected in sea ice samples collected by Kelly et al. [46] during the austral spring
of 2009, 12 km north of Casey Station. An average concentration of 11 particles per liter
was measured, highlighting the relationship between their occurrence and anthropogenic
settlement. As for snow samples, using FT-IR, Aves et al. [37] analyzed samples collected
from 19 sites in the Ross Island region. Microplastics, mostly polyethylene terephthalate in
fiber form, were present in all snow samples at an average concentration of 29 particles
per liter. Micro- and nanoplastic pollution in Antarctic snow was also deeply discussed by
Citterich et al. in a recent review [58].
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The common thread of these studies is the growing human footprint in Antarctica:
the continuous and careful monitoring of snow, ice, seawater, and biota is of paramount
importance for preserving such a delicate environment.

4. Conclusions

Although based on a reduced number of collected samples due to the pandemic
event during the Antarctic campaign, this study confirms the pivotal role of Antarctica
research in assessing the contributions and origins of small micro- and nanoparticles. In
agreement with previous studies, micro- and nanoparticles related to anthropic activities
were detected in snow samples collected in Terra Nova Bay, near active research stations.
Considering that human activities in Antarctica are increasing, future expeditions should
focus on the continuous monitoring of these materials in such remote areas to evaluate
possible threats to the Antarctic environment and to better differentiate between local and
long-range contamination so as to suggest actions for the preservation of the ecosystems.

The comparison of the results obtained by using different analytical techniques remains
a challenging issue due to the scarcity of harmonized methods in monitoring studies.
Technological developments in innovative complementary analytical approaches, including
sample treatments and their standardization, represent major requirements to be faced
in the near future for the development of an integrated approach encompassing all the
relevant metrological tools. Only then will it be possible to define useful protocols for
routine laboratories and the scientific community, allowing for the real advancement
of research and the effective environmental management of micro- and nanopollutants.
Another important key point to be addressed in the near future is the development of
high-throughput nano-analytical systems able to simultaneously provide information about
the morphology, amount, and chemical composition of the nanoparticles. To this aim, the
separation of plastic and non-plastic materials will play a pivotal role.
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