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ABSTRACT: The non-destructive spectroscopic characterization of airborne particulate 

matter (PM) was performed to gain better knowledge of the internal structures of 

atmospheric aerosols at the particle level in the Antarctic region, as well as their potential 

sources. PM and soil samples were collected during the 2016-2017 austral summer season 

at the Spanish Antarctic Research Station “Gabriel de Castilla” (Deception Island, South 

Shetland Islands). PM was deposited in a low-volume sampler air filter. Raman 

spectroscopy (RS) and Scanning Electron Microscopy with Energy-Dispersive X-ray 

Spectroscopy (SEM-EDS) were used to determine the elemental and molecular 

composition of the individual aerosol and soil particles. In most of the Raman spectra, 

two broad and overlapping bands appeared at ~1580 cm−1 (G or graphite peak) and ~1360 

cm−1 (D or defect peak), identified as carbon due to combustion generated by large 

molecular organic carbon species and carbon soot. Filter spectra measured by these 

techniques revealed single and cluster particles made of different kinds of black carbon 

(BC), organic compounds such as polyestyrene, as well as minerals, with an 

anthropogenic (polyhalite, arcanite, niter, ammonium nitrate, syngenite and nitrogen, 

phosphorus, and potassium (NPK) fertilizer) and natural (sea salts, silicates, iron oxides, 

etc.) origin, respectively. In addition to the filter samples, forsterite and plagioclase were 

discovered in the soil samples together with magnetite.   
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INTRODUCTION. 

Aerosol particulate matter (PM) is a fundamental component in the atmosphere. These 

particles play a crucial role in the environment and health.1-3 Firstly, aerosol particles are 

considered as climate drivers since they are involved in the radiative balance of the Earth, 

affecting the Earth´s energy budget.4 Secondly, a strong correlation exists between 

hazardous heavy metals present in PM, i.e. Pb, Cd, Zn, etc., and human health-related 

impacts.5,6Atmospheric aerosols are able to travel thousands of kilometres in a limited 

period of time and have a typical duration of one year in the stratosphere, and one day to 

two weeks in the troposphere.7 Thus, the Antarctic region, which acts as a global 

thermostat being one of the major pristine and isolated environments on Earth, is 

negatively affected by anthropogenic PM pollution from distant as well as local sources.8 

The composition of atmospheric PM can differ widely, depending on their natural (sea, 

earth erosion, biogenic emissions, volcanoes, etc.) and/or anthropogenic (fossil fuel 

combustion, mining, agriculture, etc.) sources.9 Among anthropogenic sources, cruise 

tourism in the study area is particularly important.10 For instance, Whalers Bay, located 

in the caldera of Deception Island, was the second most-visited place in the Antarctic 

Peninsula with more than 20,000 visitors during the 2016-2017 austral summer season.11 

Although aerosols have been abundantly studied in Antarctica,12-15 their variable 

composition is still widely unknown.7 Thus, it is essential to investigate their chemical 

composition, as well as their potential sources and impacts on the Antarctic 

environment.16,17 

Both environmental and health effects of PM are linked to their elemental 

composition and their size distribution. However, these properties are not sufficient to 

estimate accurately their environmental consequences, since single particles are internally 

made up of various species. Consequently, PM chemical characterization of individual 

particles is needed.18-20 Chemical characterization of individual particles through Raman 

spectroscopy is a powerful technique  for improving the characterization of aerosols. 

Raman spectroscopy (RS) is a simple rapid method which does not require sample 

treatment. It has been extensively used to characterize the chemical composition of 

airborne particulate matter.20-23 Furthermore, Raman spectra can be used to identify the 

sources of such PM, since distinct kinds of carbonaceous particles are produced in the 

combustion of different fossil fuels, such as diesel, gasoline, coal or biomass burning. 24,25 



In this study, RS was used to determine particle specific composition as an 

indicator of potential sources of Antarctic aerosol samples. As a complementary 

technique, and in the interest of confirming the internal structure and chemical 

composition of PM, analysis by scanning electron microscopy (SEM) and Energy 

Dispersive X-Ray Spectroscopy (EDS) were also implemented. Since RS is intended to 

characterize covalent compounds (carbonates, sulphates, nitrates, oxides, etc.), SEM-

EDS is an appropriate complement to identify the remaining ionic particles, such as NaCl, 

as well as to confirm Raman analyses. The combination of these three robust techniques 

(RS & SEM-EDS) is perfectly adapted  for identifying the chemical and structural 

composition  of aerosol samples.26-28 

This paper focuses on the investigation by RS and SEM-EDS of the chemical 

composition of individual aerosol and soil particles collected during the austral summer 

season in the Antarctic region. This information is of great significance for studying the 

environmental impact of anthropogenic aerosols on the icy continent, as well as for 

anticipating their influence on climate change. 

 

EXPERIMENTAL SECTION 

Materials and Methods. 

Site description and sampling. 

Samples of atmospheric aerosols were collected from December 2016 to February 

2017 on Deception Island, specifically in the surroundings of the Spanish Research Base 

“Gabriel de Castilla” (62°58′09″S, 60°42′33″W). This island has one of Antarctica´s 

safest harbours and is the caldera of an active volcano. It is part of the volcanic South 

Shetland Islands archipelago, located north of Antarctic Peninsula (Figure 1). Although 

multiple PM samples were collected at the sampling point, only 15 samples were used in 

this study.  Each PM10 sample was collected during 24 hours in circular quartz microfiber 

filters of 47 mm diameter (Munktell) using a low volume sampler (Derenda LVS 3.1; 2.3 

m3/h). After the 24 h period, the samples were meticulously stored with laboratory film 

in petri dishes using nitrile globes and sterilised tweezers. The European Norm was used 

to determine the mass concentration by gravimetry. 29 Additionally, random top  soil 

samples were collected close to the PM sampling point. These soil samples were taken in 



order to characterize their geochemical fingerprint to obtain spectroscopic references 

(mineral composition) and thus identify sources for the particles detected in the aerosols.  

 

 

Figure 1. Map of Deception Island with the exact location of the Gabriel de Castilla Spanish Antarctic Research Station. The yellow 

house shows the position of the station.  

 

Experimental setup. 

RS measurements were carried out by means of a Raman InVia spectrometer 

(Renishaw) provided by StreamLine image tools. Spectra acquisition was done using 

Leica 50× N Plan (0.75 aperture) and 20× N Plan EPI (0.40 aperture) magnification long-

range objectives. The microscope with a camera coupled used a Prior scientific motorized 

stage (XYZ) controlled by a joystick that facilitates focusing on and searching for points 

of interest. Besides, the device is equipped with a class 1 enclosure for avoiding artificial 

or sunlight effects. In addition, the instrument is installed on an antivibratory table.  

In this study, RS analysis was carried out using three excitation lasers, 532 nm, 

633 nm and 785 nm. The laser power was adjusted by means of density filters to below 

150 µW to avoid thermo-decompositions of the sample. Analyses were always performed 

using from 0.0001 % to 10% of the power laser. Raman spectra of the cleaned filters 

(circular quartz microfiber filters, Munktell) were taken using all the excitation lasers in 

order to obtain blanks of the analytical procedure.  



The calibration of the equipment was performed twice per day with a silicon slice, 

using its characteristic bands (520.5 cm-1). The quality of measurements was assessed by 

an internal calibration using the same silicon chip. Moreover, the laser beam was centred 

twice per day to assure an appropriate analysis. The mean spectral resolution was around 

1 cm−1, and the spectra were obtained in a range of 100–1800 cm−1 or up to 3000 cm-1. 

All the point-by-point measurements were collected using the following acquisition 

parameters: point analysis with a laser power of less than 10% exposure time between 2 

and 10 s and between 1 and 30 accumulations. In order to improve the quality of the 

spectra, the measurements were set up modifying these parameters within this range.  

Omnic 7.2 (Thermo Fisher‐Nicolet, Madison, USA) and Wire 4.2 (Renishaw, 

UK) software were used for data analysis. Interpretation of the results was done by 

comparison of the collected Raman spectra with those of pure standard compounds from 

our own databases,30 the bibliography and from the RRUFF database.31 

The Raman images were collected on spots of approximately 500x500 microns. 

This allows performing fast 2D Raman images of the filter samples. In order to take the 

Raman images, the region of interest has to be defined and then an X step is performed. 

In this case, steps between 10-20 microns were used, always employing a 20x objective 

for the images. The methodology applied was to define as many seconds and 

accumulations as possible to ensure the best signal- to- noise ratio to obtain each Raman 

map time less than 12 hours. Therefore, the acquisition conditions varied from map to 

map depending on the region size and the material Raman response. The most commonly 

applied conditions were 5-15 seconds and 1-5 accumulations. Once the Raman image was 

acquired, some automatic treatments were applied to the dataset using a systematic 

procedure in order to guarantee the repeatability of the experimental results. First of all, 

the baseline automatic correction was performed to smooth the fluorescence background 

in the whole spectra set. Then, cosmic ray removal was carried out using the Nearest 

Neighbour option which works comparing the spectrum with the nearest ones and 

determining correlation coefficients for each spectrum with all its spatial neighbours in 

order to select the most similar neighbour spectrum. In this way, as the cosmic rays are 

random through the comparison they would be not taken into account.  

SEM filter analyses were carried out using a microscope (model HitachiS-

3000N). EDS analyses were performed with an attached EDS analyser (Oxford 

Instruments INCAx-sight). This SEM instrument offers the possibility to image 

morphological surface features of PM at high spatial resolution, down to 1 µm, with a 



large depth-of-field, resulting in accurate 3D images of the sample features. The 

accelerating voltage was preset at 20 kV. The connected EDS provided elemental 

composition of the sample, which was limited to Z > 10. 

Since this multianalytical methodology requires a reduced number of collected 

particles, it provides useful information about the elemental composition, size and shape 

of PM. Therefore, the combined technique is effective when differentiating particles 

originating from different sources. 

Statistical analysis. 

PLS-Toolbox v.7.0.2 (Eigenvector Research, USA) implemented in MATLAB 

2010 software (The Mathworks, MA, USA) was used on selected Raman spectra for 

performing the statistical analyses such as principal component analysis (PCA). 

 

RESULTS AND DISCUSSION 

The composition of the clean filters is sensitive to RS. For that reason, the Raman 

spectra of the filters was first measured in order to have a blank for reference. This 

spectrum is shown in Figure 2b, where broad bands around 480, 610, 800, 980 and 1890 

cm-1 are clearly observed due to the silicic nature of the fibers composing the filter. 

 The view of the various particles through the microscope of the Raman 

spectrometer evidenced diverse sizes, from a couple of microns to more than 30 microns. 

This observation is important because in some cases the particle size was lower than the 

diameter of the laser spot (typically 2.5-0.8 microns when using a 50x or 20x objective, 

depending on the laser wavelength) used to obtain the Raman spectra. For such cases, the 

spectrum of the particle was obtained together with part of the background spectrum of 

the filter itself. This situation is shown in Figure 2c, where the two main bands of 

polystyrene (at 1001 and 1602 cm-1) are clearly seen together with the Raman background 

coming from the signals provided by the filter. In all cases, the particles of this plastic 

were lower in size (less than 5 microns) than the spot size of the laser and similar spectra 

to that shown in Figure 2c were obtained, indicating a significant presence of microplastic 

particles in the filtered aerosols. 

Other particles were larger than the diameter of the laser spot and the focusing 

with the microscope could be centred on the particle without obtaining the Raman 

background signals from the filters. This is the case shown in Figure 2a, where only the 

Raman spectrum of carbon is shown with its D and G bands. The presence of carbon 



particles was observed in all of the filters and in significant amounts relative to other 

white particles. Moreover, the Raman response of these carbon particles was different, 

indicating that several carbon particles (particles from different sources) were trapped by 

the filters. This experimental evidence led us to study in-depth the nature of such particles. 

 

 

Figure 2. Raman spectra performed on the filters a) carbon particle signal, b) filter signal and c) filter signal with a polystyrene 

particle signal.  

 

Raman spectra of Black Carbon in aerosol samples. 

The black carbon (BC) consists of elemental carbon and some hydrogen and 

oxygen. It includes different components such as soot particles, graphitic carbon and/or 

organic carbon coming from partially combusted biomass. Nowadays, it is considered the 

second most important pollutant affecting climate change.  

Different aerosol BC particles were analysed and the 1050-1850 cm-1 range of 

wavenumbers of their Raman spectra were mathematically treated, using a Raman two-

band fitting procedure, to determinate the different types of BC present on the filters. 

Figure 3 shows four of these different Raman profiles obtained from several analysed 

particles. As previously described in other publications,24,25,32 there are two broad  



overlapping bands at ~1585 cm-1 and ~1360 cm-1. The first band corresponds to the so-

called G band, while the second band corresponds to the so-called D band or defect peak. 

Both bands have different forms and maximum values in their wavenumbers depending 

on the nature of carbon. 

 

 

Figure 3. Two-peak fitting results from Raman spectra of four BC particles (code spectra: A, D, F and J) from different Antarctic 

aerosol samples. 

 

The Raman spectra in the above-mentioned range of four selected BC particles 

(named A, D, F and J in Figure 3) taken from the filter samples are those that exhibit 

greatly varying relative intensities and widths. The ratio of the D to J peaks gives the 

relative amount of edge to volume of the crystals.24 The J peak is the E2g mode of bulk 

crystalline graphite. In contrast, the D peak appears when the graphite breaks down near 

the crystal edges. Both peaks indicate that BC particles are formed by amorphous carbon, 

which is a combination of crystalline graphite and a non-graphite element. The shapes 

and intensities of both bands are also functions of the morphology and sample 

composition. The spectra of F, D and J present a similar shape, and the high signal 

intensities between the two main peaks of the observed spectra have been assigned to the 

G band. This band is associated with the ordered graphitic carbon content of various 

compounds, such as soot, and organic molecules such as humic acids, graphite, etc. 

ID/IG was estimated as an indicator of the degree of BC disorder.25,33 The intensity 

ratios of the D band to the G band for the A spectrum (main Raman band at 1331 cm-1) 

was higher (1.33) than the D, F and J spectra (0.79-0.85 and main Raman band at 1598 

cm-1). A previous study found similar values for  the spectra parameter  ID/IG,  as in our 

D, F and J spectra, for the Raman features of carbon particles coming from biomass 



burning and diesel emissions.25 In contrast, other researchers found higher ID/IG values 

for soot samples (higher or similar to those determined for sample A in this work).33,34 

These ID/IG values enabled us to create Raman images from selected areas in the 

filters with significant abundances of BC particles. As an example, Figure 4 shows such 

a Raman spectroscopy image, where the different colors (plotted as a function of the ID/IG 

values, red being the highest ID/IG ratios and blue the lowest) clearly show the rounded 

shape of the particles and how there is no zonification among them. In contrast, the 

different BC particles seem to be randomly trapped in the filters. However, it is still 

difficult to identify the different sources of the BC in this case. 

 

 

Figure 4. Raman imaging analysis (laser at 532 nm) of a filter showing the distribution of four BC particles in an area of 800x500 

microns. 

Taking into account the D and G bands of the A, D, F and J spectra (see Figure 

3), it is clear that there are different disorder levels in the analyzed BC.  This indicates 

the existence of different kinds and sources of BC particles in the Antarctic PM sample. 

In order to obtain more information about these different types of BC present in 

the filter samples, a chemometric analysis of the data was performed by Principal 

Component Analysis (PCA). PCA, as a non-supervised technique, is the most commonly 

used technique to reduce the dimension of large datasets. Mathematically, PCA uses a 

covariance matrix, constructed according to the dispersion of the measured variables, to 



calculate the so-called “eigenvalues” and “eigenvectors”. Mutually orthogonal Principal 

Components (PCs) are calculated by the linear combination of the original variables.  

Ten spectra with only the characteristic carbon Raman bands and without the 

Raman background of the filter or fluorescence were selected. The selected Raman 

spectra were not pre-processed. The PCA was carried out using the spectral region 

corresponding to 1197–1663 cm-1.  

As the results did not significantly change when a fourth PC (only an extra 2.5% 

of explained variance) was considered, the model with the three first PCs (49%, 29%, and 

16% of explained variance, respectively) was finally selected to describe the whole set of 

the Raman spectral variability in the carbon region. The scatter plot obtained is shown in 

Figure 5. This shows the representation of the scores in the space formed by two of the 

most important PCs. 

 

 

 

Figure 5. Scores from statistical analysis from Raman spectra (Code spectra: A, B, C, D, E, F, G, H, I and J) of BC particles from 

PCA of two PCs. 

 

In this PCA plot, the distribution of the scores reveals the existence of at least four 

different behaviours of Raman spectra, which implies four different BC particles. The 

first one includes the A and B spectra (PC1positive value and PC2 nearly neutral), a 

second one for E, F and H (negative PC1 and PC2 values), a third one for C, D and I 

(negative PC1 and nearly neutral PC2) and a fourth one for G and J  (negative PC1  and 



positive  PC2 values). PC1 seems to be related to the Raman intensity of the D band of 

BC, and PC2 to the shape and intensity of the G peaks. 

 Since it has been observed during consecutive Antarctic field campaigns that the 

study area is well-known as an attractive Antarctic cruise destination (chinstrap penguin 

colonies, geothermal bathing, etc.), one of the potential sources of these three different 

BC particles (those with negative PC1 values) is tourist cruise emissions. Some of these 

daily tours even stay overnight at the island with the diesel engines working to produce 

the electricity they need. The remaining BC source probably corresponds to organic waste 

incineration that produces a significant amount of soot particles, characterised by Raman 

spectra like that named A. 

 

Raman spectra of non-Black Carbon aerosol samples. 

The search for non-BC particles in the filters revealed a great variety of sizes and 

shapes, alone or close to BC particles. As an example, Figure 6 shows a Raman spectrum 

where three minerals, hematite (Fe2O3), magnetite (Fe3O4) and carbon, are 

simultaneously present in a particle of a diameter greater than 30 microns that inhibits the 

appearance of the Raman background of the filter materials. The major source of Fe oxide 

particles in the study site is volcanic soil. Fe oxides can correspond to primary magnetites 

from the magmatic rocks of Deception island (magnetite) or secondary goethite in the 

soils created during the aerobic weathering of these rocks (hematite). 

 



 

Figure 6. Raman spectra of hematite (H), magnetite (M) and carbon from an Antarctic aerosol sample. 

 

Another white particle with a non-rounded form, mostly a cluster of several 

grains, showed a very complex Raman spectrum, as shown in Figure 7. To decipher the 

minerals, present in the spectrum, the main signals around 1000 cm-1 were decomposed 

in individual bands. This mathematical treatment  led to the conclusion that syngenite 

(K2Ca(SO4)2·H2O, Raman bands at 601, 633, 661, 982 and 1004cm-1) was present,35 

together with gypsum (CaSO4·2H2O, main Raman band at 1008 cm-1) probably mixed 

with basanite (CaSO4·½H2O, main Raman band at 1017 cm-1).36 Moreover, the band at 

1050 cm-1 shows a FWHM=25 cm-1, that belongs to nitrocalcite (Ca(NO3)2·4H2O).37 The 

origin of these minerals can be attributed to the hydrothermal and volcanic activity of the 

island.  

 



 

 

Figure 7. Raman spectrum of a clustered particle with syngenite, gypsum+basanite and nitrocalcite. 

 

Another complex Raman spectrum obtained on a white particle is shown in Figure 

8. It contains a mixture of Fe-polyhalite (K2FeCa2(SO4)4 ·2H2O; Raman bands at 437, 

474, 635, 659, 982 and 1010cm-1), the potassium sulphate arcanite (K2SO4; Raman bands 

at 454, 612, 983cm-1) and niter (KNO3) with a Raman band at 1049 cm-1 with a 

FWHM=10 cm-1.38 The bands at 233, 318, 349, 558 and 788 are close to secondary bands 

of complex phosphate compounds,  its main Raman band overlapped by the feature at 

982 cm-1.The sulphate bands were the most intense, followed by the nitrate band.  



 

Figure 8. Raman spectrum of a white particle containing Iron-Polyhalite, arcanite and niter from an Antartic aerosol sample. 

 

Another commonly detected Raman spectrum is shown in Figure 9. Again, to 

solve the complex features, the broad bands were mathematically treated to decompose 

them into individual bands. The main Raman signal is made up of three bands that 

correspond to magnesio-cocapite (MgFe3+
4(SO4)6(OH)2.20H2O, main Raman bands at 

1002 and 1025 cm-1) and gypsum+bassanite due to the signal at 1011 cm-1. The most 

important secondary broad band was also decomposed, observing several bands that 

indicate the presence of magnesio-copiapite and a mixture of gypsum and basanite.36,39 

Apart from the above-mentioned compounds, the complicated mixture of bands 

suggests that the presence of methanesulfonate (MSA) also has to be considered. Na 

methanesulfonate shows Raman bands at 354, 560, 781, 986, 1052, among others.40   

The repeated identification of the three bands at 983, 1004-1010 and 1050 always 

together in the particles led to the conclusion that they have the same origin. Fertilizers 

display these three bands, attributed to potassium nitrate, urea, and potassium sulphate. 

The relative intensity of the three bands is different for each fertilizer, depending on the 

manufacture process and of the labelled NPK composition (% of nitrogen, phosphorous, 

sulphur, and potassium).41 However, several studies of Antarctic and Arctic particles 



using Raman spectroscopy  have shown similar spectra with bands at ~ 985, 1008-1010 

and 1050 cm-1.22,42  Unfortunately, there is  no agreement about the actual composition or 

the source of  the detected compounds. Some references relate the presence of sulphates 

and nitrates to high phytoplankton activity, mainly in summer.22,43 Others,42 in contrast, 

point  to the reaction between sea spray aerosol and acid gases (HNO3 and HSO4) as the 

trigger for the formation of  these salts. Additionally, these compounds may have their 

natural origin in the volcanism of the island. Besides, the erosion of sulphate- rich soils 

should  also be considered.44  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Raman spectrum of a white particle containing magnesio-copiapite (M), gypsum and basanite (Y) from a cluster of particles 

in an Antarctic aerosol sample. The main (b) and the secondary broad bands were decomposed in individual bands to help in the 

identification of the minerals simultaneously present in the complex particle. 



Figure 10 shows a singular Raman spectrum with intense generic bands with 

contributions from proteins (amino acids) and lipids, such as 622 (Phenylalanine), 643 

(Tyrosine), 759 (tryptophan), 830 (Tyrosine), 853 (Tyrosine), 1003 (Phenylalanine), 1127 

(C-N, C-C stretching in proteins), 1200-1300 cm-1 (Amida III), 1447 (CH2 deformation 

for lipids) and 1669 (Amide I) cm-1. These were identified in the Raman spectra 

suggesting the presence of a possible bacteria, as described in the literature.45  

 

 

Figure 10. Raman spectrum of a possible biological(bacteria) particle from Antarctic filter sample. 

Raman spectra of soil samples. 

Raman analyses were also performed on the Antarctic soil samples, aiming to 

detect some of the minerals found in the particles trapped in the filters. By this means, 

mainly silicates were found. For instance, the olivine mineral forsterite (Mg2SiO4) was 

identified through its main Raman peaks at ~820 and ~854 cm−1 (Figure 11). Additionally, 

plagioclase ((Na,Ca)(Si,Al)4O8) was also detected due to its main Raman bands at 475, 

510 and 999 cm-1. Finally, the iron oxide magnetite (Fe3O4) was detected in the soil by 

means of its main Raman band at 669 cm-1. From these mineral phases, only magnetite 

was detected in the filters, but the silicate minerals cannot be discarded because the 

siliceous nature of the filters can inhibit critical Raman signals of silicates that could  

eventually be trapped. 

 



 
 

Figure 11. Raman spectra of an olivine mineral with the typical double bands at 821 and 854 cm-1, and of a plagioclase together 
with magnetite (band at 669 cm-1). 

 

SEM-EDS analyses of filter samples. 

The results obtained by SEM-EDS analyses show the presence of particles with 

different elemental compositions. A general morphological overview of the shapes of the 

particles found in the filters is presented in Figure 12A. Furthermore, different particles 

with variable compositions were detected (see Figure 12B, C, D and E). The EDS 

analyses of these strains provided the elemental composition in percentage weight of each 

element for four of these particles (Table 1). 

 

Table 1. Element weight (%) obtained by Energy – Dispersive Spectrum Kα analysis of PM 

samples. 

Spectrum C O Na Mg Si Cl Cu Al

 

Ca 

Ti Fe 

B (BC) 

C (NaCl) 

D (SiO2) 

E (Fe Oxide) 

38.92        

 

 

8.74 

37.02 

36.71 

62.35 

53.02 

2.55 

30.24 

8.81 

2.43 

0.41 

 

 

2.55 

17.46 

6.61 

22.11 

17.82 

2.83 

26.44 

6.73 

0.66 

0.81 

 

 

0.73 

 

 

 

5.58

 

3.08 

 

 

 

0.88 

 

 

 

4.51 



According to the % values presented in Table 1, a tentative mineral composition 

was proposed and compared with the Raman observations previously described. On the 

basis of the chemical composition and shape of PM obtained through these analyses, the 

particles were divided into two groups: anthropogenic and natural. 

 

Anthropogenic. 

 BC particles have their origin in local emissions, particularly in the incomplete 

combustion of diesel and biomass burning. The shape of these particles depends on 

different aspects, such as the burning conditions and fuel type. Figure 12B illustrates the 

amorphous aspect of a BC particle. As observed by SEM, these soots are made up of 

multiple small spheres of carbon. The major contribution was from elements such as C, 

Si and O, whereas Na, Cl and Mg were also present in very small concentrations (Table 

1B). The contribution of Si and O corresponds to the quartz fiber filters; therefore, the 

most significant element is C. 
 

 

 

 

 

Natural. 

In the study, natural sources of PM include sea salt and crustal dust. These 

particles were mostly composed of sodium chloride, quartz and iron oxides. 

 

Sodium Chloride. 

The elements detected, such as Na and Cl, are related to the presence of sea salts. 

Sodium chloride particles and their characteristic tablet-like shape are shown in Figure 

12C. They account for most of the particles collected on the filters. These particles were 

not detected by RS because this technique is not sensitive to ionic bonds. 

 

Quartz (Silicate minerals). 

Si and O were detected in the clusters presented in Figure 12C. As shown in Table 

1D, the proportion of Si and O does not correspond to the SiO2 from the quartz fiber 

filters; this suggests the presence of silicates in the air of the island. These particles have 

their origin in the resuspension of the volcanic basalt soil on the island. As shown in Table 

1D, they are basically Si and O, with traces of Na and Cl. As stated before, these particles 

are hard to detect clearly due to the interference of the filters, but their presence has been 

confirmed. 



 

Fe Oxides. 

These particles were rich in Fe and O with traces of elements such as Na, Mg, Si, 

Cl, Cu, and Ca (Table 1E). Additionally, important amounts of C, Al and Ti were found. 

Their irregular shape is shown in Figure 12E. As previously mentioned, the origin of the 

particles is the volcanic soil on Deception Island. RS has detected both iron oxides, 

hematite and magnetite, in agreement with the SEM-EDS results. 

 

 



 

Figure 12. SEM-EDS spectra: (A) General morphological overview of PM particles in the quartz fiber filter; (B) Black Carbon particle 

and amorphous shape; (C) Sodium Chloride particle and tablet-like shape; (D) Quartz particle; (E) Iron oxide particle with traces of 

elements such as C, Na, Mg, Si, Cl, Cu, Al, Ca and Ti. 

 

A 

B 

C 

D 
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CONCLUSIONS 

Antarctic particulate matter and soil measurements were conducted on samples 

collected during the austral summer 2016–2017 at the Gabriel de Castilla Spanish 

Research Station on Deception Island. The specific composition of the samples has been 

determined using Raman spectroscopy together with Scanning electron microscopy and 

Energy Dispersive X-ray spectrometry.  

Raman analysis of aerosol samples revealed different kinds of black carbon 

particles present in the air of the island. This implies different potential sources of this 

pollutant in the area of study, the main ones being cruise tourism and waste incineration.  

Besides, Raman analysis of non-BC particles in the filters demonstrated the presence of 

bacteria as well as different anthropogenic compounds, such as microplastics 

(polystyrene) and minerals (polyalite, arcanite, niter, ammonium nitrate, syngenite and 

NPK fertilizer). To the best of our knowledge, these are the first aerosol measurements 

of microplastic (polystyrene) and fertilizer particles in the Antarctic atmosphere. In the 

case of soil particles, Raman spectra revealed that these were mainly composed of 

forsterite, plagioclase and magnetite. Additionally, Scanning Electron Microscopy and 

Energy Dispersive X-ray spectrometry confirmed the existence and the composition of 

amorphous carbon, as well as the presence of sea salts, silicates and iron oxides.  

Air pollution, caused by the presence of BC, microplastic and fertilizer particles, 

can cause serious environmental problems for the Antarctic ecosystems as well as for the 

climate of this region. For instance, the presence of fertilizer particles together with the 

increasing trend of higher temperatures in the Antarctic Region will allow alien species 

to more successfully invade the Antarctic ecosystems. This disturbance, in addition to 

affecting the native Antarctic flora, will undoubtedly also affect the fauna. 

It is important to point out that the long-term pollution and short-term climate 

effects on Antarctica cannot be inferred based on the results of this study. However, this 

investigation demonstrates that environmental pollution is a fact in the Antarctic region. 

Thus, successful characterization and regular monitoring of single particles is crucial for 

a better understanding of their potential environmental impacts on the Antarctic region. 
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Figure S1  

 

 

Figure S1. Raman spectrum where three minerals, hematite (Fe2O3) (H), magnetite (Fe3O4) (M), and carbon, are simultaneously 

present in a particle of a diameter greater than 30 microns that inhibits the appearance of the Raman background of the filter materials 

from an Antarctic aerosol sample. 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S2 

 

 

Figure S2.   Raman spectrum of a clustered Antarctic particle with syngenite, gypsum+basanite and nitrocalcite. the main signals 

around 1000 cm-1 were decomposed in individual bands. This mathematical treatment lead to the conclusion that syngenite 

(K2Ca(SO4)2·H2O, Raman bands at 601, 633, 661, 982 and 1004cm-1) was present [1], together with gypsum (CaSO4·2H2O, main 

Raman band at 1008 cm-1) probably mixed with basanite (CaSO4·½H2O, main Raman band at 1017 cm-1) [2]. Moreover, the band at 
1050 cm-1 shows a FWHM=25 cm-1, that belongs to nitrocalcite (Ca(NO3)2·4H2O) [3] 

 

 

 

 

 

 

 

 

 

 

 



Figure S3 

 

 

Figure S3. Raman spectrum of a white particle containing magnesio-copiapite (M), (MgFe3+4(SO4)6(OH)2.20H2O main Raman 

bands at 1002 and 1025 cm-1), and gypsum and basanite (Y) due to the signal at 1011 cm-1. The main (b) and the secondary broad 

bands were decomposed in individual bands to help in the identification of the minerals simultaneously present in the complex 

particle. 



 

Table S1. 

Spectrum C O Na Mg Si Cl Cu Al Ca Ti Fe 

B (BC) 38 ±1 37 ± 1  2.55 ± 0.05 0.41 ± 0.08 17.46 ± 0.06 2.8 3± 0.02 0.81 ± 0.01 <LQ <LQ <LQ <LQ 

C (NaCl) <LQ 36 ± 1 30.24 ± 0.05 <LQ 6.61 ± 0.06 26.44 ± 0.02 <LQ <LQ <LQ <LQ <LQ 

D (SiO2) <LQ 62 ± 2 8.81 ± 0.05 <LQ 22.11 ± 0.06 6.73 ± 0.02 <LQ <LQ <LQ <LQ <LQ 

E (Fe Oxide) 8.7 ± 0.2 53 ± 1 2.43 ± 0.05 2.55± 0.08 17.82 ± 0.06 0.66 ± 0.02 0.73 ± 0.01 5.58 ± 0.01 3.08 ± 0.01 0.88 ± 0.08 4.51 ± 0.01 

 

Table S1. Element weight (%) obtained by Energy – Dispersive Spectrum Kα analysis of Antarctic PM samples. Filter samples were coated with Au film.



Figure S4 

 

A 

B 

C 

D 

E 



Figure S4. SEM-EDS spectra: (A) General morphological overview of PM particles in the quartz fiber filter; (B) Black Carbon particle 

and amorphous shape; (C) Sodium Chloride particle and tablet-like shape; (D) Quartz particle; (E) Iron oxide particle with traces of 

elements such as C, Na, Mg, Si, Cl, Cu, Al, Ca and Ti. 
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