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Abstract

:

This work addresses the chemical characterization of atmospheric aerosols and precipitation in the period from May to November 2019 at Monte Fenton (53.16° S, 71.05° W, 612 m.a.s.l.), 9 km west of Punta Arenas, to study the contribution and distribution of emission sources and chemical enrichment. The main ions (Ca2+, Cl−, K+, Mg2+, Na+, NH4+, NO3− and SO42−) were studied using ion chromatography, and trace elements (Al, Br, Ca, Cl, Cr, Fe, K, Mg, Mn, Na, Ni, P, Pb, S, Se, Si, Ti, V and Zn) using energy dispersive X-ray fluorescence. Ions concentration ranged from 5.0 × 10−1 to 2.9 × 104 mg/m3 for Ca2+ and Cl−, respectively; whilst the concentration of elements varied between 8.8 × 10−11 and 2.1 × 10−2 mg/m3, for crZn (crustal Zn) and Fe, respectively. The electrical conductivity (EC, mean = 32.5 µS/cm) and the pH (mean = 6.8), showed the atmosphere of the study site was relatively neutral compared to the standard pH for rain (or snow) without contamination (pH = 5.6), and presented relatively low levels of conductivity compared to the EC standards for distilled water (0.5 to 3 µS/cm) and seawater (30,000 to 60,000 µS/cm). The main contribution to aerosols in the atmosphere of Monte Fenton came from marine and lithospheric sources, followed by local anthropogenic sources such as burning firewood and/or urban waste for heating production, etc., that led to the enrichment of aerosols with high Fe, K, Mn and V content. The results of this study contribute to filling a gap in knowledge of the chemistry of atmospheric aerosols in Southern Patagonia.
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1. Introduction


Aerosols, or suspended particulate matter (PM), are particles with a diameter <10 µm, suspended in the Earth’s atmosphere in a solid or liquid state. They are formed by natural and/or anthropogenic processes and remain suspended for a few hours, days, or even months, depending on their size and the atmospheric conditions that regulate their transport and distribution [1].



Atmospheric aerosols are originated either from natural sources (biological, lithospheric, marine, among others) or as a result of human activities (combustion processes, biomass burning, secondary organic aerosols, nitrates, sulfates, etc.) [2,3]. Atmospheric circulation systems transport aerosols around the planet, which act as cloud condensation nuclei (CCN) at a temperature above 273 K, or as ice nuclei (IN) at temperatures between 235 (−38 °C) and 273 K (0 °C), to form liquid or solid precipitation respectively [4,5].



Aerosols eventually reach the Earth’s surface (land and sea) through wet or dry deposition (WD/DD) phenomena [6]. In WD, aerosols have captured enough water vapor from the surrounding atmosphere to form wet precipitation, a phenomenon influenced by gravity and wind speed and direction [7,8,9]. In the case of DD (without precipitation), the main factors involved are gravity and air density [8]. For atmospheric sampling purposes, the transfer of chemical species from the atmosphere to the Earth’s surface by both wet and dry deposition is known as total deposition (TD); (TD = WD + DD) [10,11].



Aerosols play an important role in the formation of precipitation and its accumulation on the Earth’s surface. Those found in accumulated snow are fundamental in the formation and maintenance of the cryosphere since darker particles increase the absorption of solar radiation, causing more melting [12,13,14]. Thus, aerosols might have enhanced the reduction of ice masses observed in recent years for glaciers at a global and regional level, a phenomenon mainly attributed to global warming [15]. However, despite the significance of aerosols in these and other atmospheric processes, only a few studies have been reported in Southern Patagonia [16,17,18,19,20,21], being the most recent research focused preferentially on the Antarctic continent [22] and other northern regions [23,24,25,26,27,28,29,30,31].



This work presents the results of the collection and chemical characterization of precipitation (liquid and solid) and suspended particulate material (SPM) [32], carried out between May and November 2019 at Monte Fenton (MF), in the Magellan Province, Chilean Southern Patagonia, with the aim of contributing to the study of atmospheric chemistry in the region.




2. Materials and Methods


2.1. Description of the Study Area


Figure 1 shows the study site, located at MF (53.16° S, 71.05° W, 612 m.a.s.l.), a mountainous area 9 km west of the city of Punta Arenas (PA) (Figure 1B), locally known as the Cerro Mirador. This hill has an approximate area of 312 km2, it is surrounded by a forest rich in Nothofagus pumilio (lenga trees), and its eastern slopes are used by a ski center (Club Andino de Punta Arenas) (Figure 1C). The sampling collector was located at the western end of the hill summit, on the premises of “Base Gavilán” of the Chilean Air Force (Fuerza Aérea de Chile or FACh, its acronym in Spanish) (Figure 1D). This place was chosen as the highest point easily accessible in the vicinity of the city and because it has a low human impact, making it appropriate for studying the natural atmospheric chemistry in the study area.




2.2. Data Available and Obtained for This Study


At the Base Gavilán, meteorological data of temperature and relative humidity (RH) are regularly recorded using an HMP155A 22280-10 sensor (Manufactured by Vaisala, Vantaa, Finland) and wind direction using a Young 81000 anemometer (Manufactured by R. M. Young Company, Traverse City, MI, USA).



Atmospheric aerosols were captured by direct filtration using a low-volume air monitoring system implemented by the Laboratorio de Investigaciones Atmosféricas (LIA) from the Universidad de Magallanes (UMAG) (Figure 2A). The low-volume system consists of an air inlet (1) with an aerodynamic diameter cut for 2.5 µm particles (PM2.5), where there is a filter holder and a 47 mm diameter, 0.2 µm porosity, polycarbonate membrane filter set at 2.5 m above the ground. An OVAL Eggs DELTA vortex flowmeter (2), within an air suction system, generated by a ME 4R NT VACUUBRAND vacuum pump with a timer (3) for a continuous and constant volumetric airflow of 16 L/min (Figure 2B). Employing this low-volume system, 22 samples of atmospheric aerosols were obtained in weekly exposure periods.



TD was collected, between 5 June and 20 November 2019, using total deposition passive collectors (TDPC), adapting the method in [3]. These collectors were installed 20 m from Base Gavilán and 2 m above the ground (Figure 3A). Each TDPC is composed of a polyethylene receiving bottle (1) for WD, a polypropylene container (2), a silicone O-ring (3), a 47 mm quartz filter and 0.45 µm pore diameter (4), a 40 mm diameter Teflon filter holder (5) in which a quartz filter (47 mm diameter) is deposited, a polypropylene adapter (6), a 25 mm diameter perforated Teflon disc (7) with 0.5 mm pore diameter, a polypropylene ring (8) and a polyethylene collecting funnel (9) of 115 cm in diameter and 30 cm in height (Figure 3B). Using this TDPC, 10 TD samples were obtained in weekly exposure periods.



The total concentration of atmospheric aerosols deposited was determined by the Department of Monitoring Networks: Air Quality Division of the Ministry of the Environment in Santiago, Chile, by applying the gravimetric method to the polycarbonate filters used in the low-volume system. For this, every filter was weighed before and after exposure to obtain the total concentration of aerosols, dividing the sample mass in the filter by the volume of air sampled. The weighing was carried out under stable environmental conditions, with RH between 30 and 40%, and temperature between 21 and 25 °C. The filters were previously acclimated in desiccators for 48 h, and a filter without a sample (“blank”) was used as a reference, subject to the same conditions as the sampled filters.



The chemical concentration of the elements (mg/m3): Al, Br, Ca, Cl, Cr, Fe, K, Mg, Mn, Na, Ni, P, Pb, S, Se, Si, Ti, V and Zn in the polycarbonate filters, was determined by the Laboratory for the Analysis of Atmospheric Processes of the Institute of Astronomy, Geophysics and Atmospheric Sciences of the University of São Paulo, Brazil (Laboratório de Análise dos Processos Atmosféricos or LAPAT-IAG-USP for its acronym in Portuguese). The method applied was XRF (X-ray fluorescence) spectrometry, using a Shimadzu EDX-700 spectrometer, which uses Energy Dispersive X rays (EDX) and a Silicon (Lithium) or Si (Li) semiconductor detector to scan and measure elements in the range from sodium to uranium (11 (Na) to 92 (U)). Previous to the analysis, the sampled polycarbonate filters were placed in a room at constant conditions of 20 °C and between 30 and 40 ± 5% of relative humidity for 24 h. A blank filter was used as a reference in the analysis.



The EDX analysis takes approximately 16 min per filter. EDX generates a spectrum that for the analysis was split into two, one with high energy elements (Z from 21 to 82) and one with low energy elements (Z from 11 to 20). The spectrum was then fitted using WinQxas (Quantitative X-Ray Analysis System for Windows [33].



TD in the TDPCs was obtained from the WD + DD collected in the polyethylene bottles (Figure 3B) during the sampling period. Once the TDPC was removed from the study site, the collecting funnel was washed with Milli-Q water (200 mL) to obtain the remaining DD. This washing water containing the DD was added to the WD in the polyethylene bottle, thus obtaining the TD. These samples were stored at −20 °C. Subsequently, the quartz filters are weighed before the analysis of these samples and acclimated for at least 24 h, at controlled ambient conditions with RH of 50%, 25 °C, and 1 atm, in a room conditioned for this purpose [3].



The pH and electrical conductivity (EC, µS/cm) were measured for the TD samples using a digital benchtop pH-meter for water quality, Super Scientific 860033 Benchtop, and an RCT magnetic stirrer basic IKA LABORTECHNIK, respectively. The pH meter was calibrated using two buffer standards, for pH 4.0 (HI-7004) and 7.0 (HI-7007), while the EC meter was calibrated using a HI-7031L solution, 1413 µS/cm. The concentration of major ions (mg/m3) NH4+, Ca2+, Cl−, Mg2+, NO3−, K+, Na+ and SO42− in the TD samples were obtained by using an 850 Professional ion chromatograph from Metrohm, Switzerland [34], and quantified through an external calibration curve for each ion. All standards were obtained from Sigma-Aldrich (Germany).



The contribution (%Xi) of different ions or elements to the total concentration during the 2019 campaign was calculated using Equation (1), where [Xi] is the total concentration of the ion or element under consideration, and ∑[Xi] is the sum of the concentrations of all ions or elements. Then, the ion concentration series were correlated (R2) with pH and EC data to determine the type of ions that could have conditioned the MF atmosphere during the 2019 campaign.


  %  X i  =      X i    × 100   ∑    X i       



(1)







To differentiate between aerosol sources, non-sea salt fractions (nss) of ions were determined using Equation (2), where [X1] is the concentration of the K+ or SO42− ion, [Y1] is the concentration of the Na+ ion used as a reference, given its abundance (in ppm) in the ocean, and ([X1]/[Y1])ocean is the ratio of the concentration of K+ or SO42− ions concerning the Na+ ion in the ocean, obtained from the literature: [K+]/[Na+] = 0.037; [SO42−]/[Na+]) = 0.252 [35,36].


  nss    X 1    =    X 1    −   (      X 1         Y 1      )   ocean   ×    Y 1     



(2)







The non-crustal fraction (ncr) of elements was determined using Equation (3), where [X2] is the concentration of the Ca, K, Mg, Na or Zn element, [Y2] is the concentration of the Al element used as a reference, given its abundance (in ppm) in the Earth’s crust, and ([X2]/[Y2])crust is the ratio between the concentration of the Ca, K, Mg, Na or Zn element and the Al element, in the Earth’s crust, obtained from literature: [Ca]/[Al] = 0.592; [K]/[Al] = 0.160; [Mg]/[Al] = 0.384; [Na]/[Al] = 0.258; [Zn]/[Al] = 0.001 [37,38].


  ncr    X 2    =    X 2    −   (      X 2         Y 2      )   crust   ×    Y 2     



(3)







The crustal fraction (cr) of element X2 was obtained by subtracting non-crustal concentration (ncr) from the total concentration of the element (X2). The sea-salt fraction (ss) of ions X1 was obtained by subtracting non-sea salt concentration (nss) from the total concentration of the ion (X1).



Principal Component Analysis (PCA) with Varimax rotation was applied to the concentration series of ions and elements in the atmospheric aerosols and TD samples separately to maximize the number of loading patterns without changing the total variance or the variance of the ion and element data used. For the analysis and interpretation of results, only factors with eigenvalues greater than 1 were considered [39].



PCA analysis is a technique used to convert a data set (or observations) of correlated variables, based on the arithmetic mean of the data, into a set of linearly uncorrelated orthogonal variables called principal components. These components are ordered according to the variance (or degree of variability or dispersion) that the data describes [40]. From the Varimax rotation of chemical concentrations, the ions or elements originating from the same source correspond to a single component of high weight or loading. By applying PCA using a chemical concentration of ions or elements, loadings with values of |0.7| or higher can be obtained and associated with different aerosol emission sources [39].



To establish the contribution of ions and elements in the TD and atmospheric aerosols, respectively, Enrichment Factors (EF) were determined using the adapted Equation (4) [41]. The enrichment of the Ca2+, Cl−, Mg2+, K+ or SO42− ion (X) (EF(X))was calculated with respect to the Na+ ion from the ocean, while the enrichment of the Ca, Fe, K, Mg, Mn, Na, P, Si, Ti or V element (X), with respect to the Al element from the Earth’s crust.


  EF  X  =        X Y      aerosol          X Y      source      



(4)







(X/Y)aerosol is the concentration ratio between an ion or element (X) and the reference Na+ ion or Al element (Y) in the aerosol sample. (X/Y)source is the concentration ratio between the ion or element (X) and the reference Na+ ion or Al element (Y), in a known source of aerosol emission (such as the ocean or the soil), with Na+ and Al used as reference (Y) values, given their abundance (in ppm) in the ocean and the Earth’s crust, respectively [34,35,36,37]. The values of (X/Y)source ((X/Na+)ocean) used for the ion enrichment regarding the ocean were obtained from the literature: [Ca2+]/[Na+] = 0.038; [Cl−]/[Na+] = 1.802; [Mg2+]/[Na+] = 0.118; [K+]/[Na+] = 0.037; [SO42−]/[Na+] = 0.252 [28,29]. The values of (X/Al)source ((X/Al)crust) used for the element enrichment concerning the Earth’s crust, were obtained from the literature: [Ca]/[Al] = 0.592; [Fe]/[Al] = 0.695; [K]/[Al] = 0.160; [Mg]/[Al] = 0.384; [Mn]/[Al] = 0.011; [Na]/[Al] = 0.258; [P]/[Al] = 0.011; [Si]/[Al] = 3.304; [Ti]/[Al] = 0.061; [V]/[Al] = 0.002 [37,38].



To interpret the EF(X) of ions and elements, a numerical scale was considered: minimal enrichment (below 2), moderate enrichment (between 2 and 5), significant enrichment (between 5 and 20), high enrichment (between 20 and 40), extreme enrichment (above 40) [42].





3. Results


3.1. Meteorological Data


At the Base Gavilán, between 1 May and 30 November 2019, average daily temperature values were recorded between a minimum of −6.4 °C and a maximum of 6.0 °C, average daily RH values between a minimum of 42.8% and a maximum of 99.8% (Figure 4A), and distribution of the wind direction: west (W) (33%), northwest (NW) (28%), southwest (SW) (18%), south (S) (7%), northeast (NE) (6%), north (N) (4%), southeast (SE) (2%), east (E) (1%) and calm (1%) (Figure 4B).



The 10 TD samples in the TDPCs and the 22 atmospheric aerosol samples in the polycarbonate filters totalized 25 sampling periods between 8 May and 20 November 2019. For each sampling period, mean temperature (°C), mean RH (%), and mode of wind direction values were recorded (Table 1).




3.2. Chemical Concentrations Results


Table 2 shows the concentration records (mean, minimum, and maximum in mg/m3) of elements in the atmospheric aerosols of the polycarbonate filters during the collection period from May–November 2019. These values varied between a minimum of 8.8 × 10−11 and a maximum of 2.1 × 10−2 mg/m3, for the crZn and Fe elements, respectively. During the 2019 campaign, a total sample (∑[Xi], as atmospheric aerosols) of 4.3 × 10−2 mg/m3 was collected. From this, the percentages of the total concentration of elements during the 2019 campaign were obtained, which varied between a minimum of 0.0% and a maximum of 48.3% for the crZn and Fe elements, respectively.



Table 3 shows the concentration records (mean, minimum, and maximum in mg/m3) of ions in the TD of the TDPCs, during the May–November 2019 collection period. These values varied between a minimum of 5.0 × 10−1 and a maximum of 2.9 × 104 mg/m3 for Ca2+ and Cl− ions, respectively. During the 2019 campaign, a total (∑[Xi], as TD) of 2.1 × 105 mg/m3 was collected. From this, the percentages of total ions concentration during the 2019 campaign were obtained, which varied between a minimum of 0.8% and a maximum of 55.0% for ssK+ and Cl− ions, respectively. The pH values in the TD varied between a minimum of 6.4 and a maximum of 7.4, with a mean of 6.8. The EC values in the TD varied between a minimum of 15.0 and a maximum of 49.6 µS/cm, with a mean of 32.5 µS/cm.



Table 4 shows the correlation coefficients (R2) between the series of ion concentrations and pH values in the TD, which varied between a minimum of 0.0 (between Mg2+ and pH) and a maximum of 0.43 (between NH4+ and pH). The correlation coefficients R2, between the series of ion concentrations and the EC values (µS/cm) in the TD, varied between a minimum of 0.0 (between nssSO42− and EC) and a maximum of 0.52 (between Na+ and EC).



Table 5 shows the PCA analysis with Varimax rotation of elements in atmospheric aerosols. PCA analysis shows two factors or components that contribute 85.9% of the accumulated variance. Factor 1 (F1), with a variance percentage of 71.3%, is formed by the elements V, Mn, Fe, Ni, Cr, Pb, Al, crNa, crZn, crCa, Br, crK, ncrNa, Ti, crMg, Se, P and Si. Factor 2 (F2), with a percentage of variance of 14.6%, is formed by the elements Cl, ncrK, and S. In this PCA analysis, the ncrCa, ncrMg, and ncrZn elements do not belong to the main factors.



Table 6 shows the PCA with Varimax rotation for ions in the TD. PCA shows three factors or components contributing 94.6% of the total accumulated variance. Factor 1 (F1), 44.7% variance, is formed by ssSO42−, ssK+, Na+, Mg2+ and Cl− ions. Factor 2 (F2), 33.1% variance, is formed by nssK+, nssSO42− and Ca2+ ions. Factor 3 (F3), 16.8% variance, is formed by NH4+ and NO3− ions.



Following the numerical scale of enrichment, the element enrichment factors related to the Al element (EF(X/Al)) (Figure 5A) for atmospheric aerosols varied between a minimum of 9.0 × 10−11 (minimum enrichment) and a maximum of 307 (extreme enrichment), for the Si and P elements, respectively. The ion enrichment factors with respect to the Na+ ion (EF(X/Na+)) (Figure 5B) in the TD varied between a minimum of 6.8 × 10−3 (minimum enrichment) and a maximum of 34 (high enrichment) for Mg2+ and K+ ions, respectively. The variability of the EF(X) indicates that MF ions and elements comprise both natural (ocean and Earth’s crust) and anthropogenic sources.





4. Discussion


In the study period, May–November 2019, the pH results in the total deposition of the TDPC collectors of Monte Fenton indicated that the atmosphere of the study site at Base Gavilán was relatively neutral due to a minimum formation of acidic compounds such as hydrogen chloride (HCl), nitric acid (HNO3) or sulfuric acid (H2SO4) [43,44]. This was considered after comparing the obtained average pH of 6.8 (Table 3) with the standard pH value of 5.6 for normal precipitation [45], which can vary between 5.62 and 5.68, and which accounts for the acid (pH < 5.6) or alkaline (pH > 5.6) character of the atmosphere of a site after the generation of neutralization processes of the acidity of rain (or snow). The standard pH value of 5.6 relates to the balance between pure water and the standard pre-industrial atmospheric carbon dioxide (CO2) content dissolved in water (0.033%). This dissolution forms carbonic acid (H2CO3) and produces the acidic pH in the rain (or snow) under unpolluted conditions at 25 °C and 1 atm [46].



The results of electrical conductivity in the total deposition of the TDPC from Monte Fenton indicate that the atmosphere of the study site in Base Gavilán presented relatively low conductivity levels. This was considered after comparing the average value for Electrical Conductivity of 32.5 µS/cm with the standard Electrical Conductivity of distilled water, which varies between 0.5 to 3 µS/cm [47], well below the range for seawater, ranging from 30,000 to 60,000 µS/cm, at 25 °C and 1 atm [48,49,50,51,52]. It is considered that the Electrical Conductivity of the atmosphere of a site decreases, due to the relatively low formation of conductive ions [53], their concentration depending on factors such as altitude, temperature, the concentration of aerosols, etc. [54,55]. For example, the total sum of ions (as a total deposition) obtained in the 2019 campaign was 2.1 × 105 mg/m3. Seawater exceeds this figure, given a standard distribution (in ppm, approximated to 10−3 times the concentration in mg/m3) of Ca (412), Cl (19383), K (397.8), Na (10759) and S (2708.9) [35,36]. This comparison could infer that the low concentration of ions (compared to seawater) produced low conductivity levels in the atmosphere of Monte Fenton.



The correlation results (R2) between pH and ion concentration present values below 0.5. This would indicate that only the NH4+ ion (R2 = 0.43) may be partially associated with the neutralization of the Monte Fenton precipitation, this R2 being a significant value (p > 0.05) with a calculated p of 0.21. The production of NH4+ would be related to the natural emission of ammonia (NH3), which derives from biological sources, such as the processes of nitrification, denitrification, and the natural washing of soils by rains [56].



The correlation results (R2) between electrical conductivity and ion concentration present values below 0.5, except for the Na+ ion. This would indicate that the Na+ ion (R2 = 0.52) may be directly related to the low levels of conductivity at Monte Fenton, this R2 being a significant value (p > 0.05) with a calculated p of 0.13. The production of Na+ would be related to the emission of marine aerosols from marine sources that contribute moisture to Monte Fenton. On a straight line from the sampling site, to the west (most frequent wind direction) is the Otway Sound located 20 km away, and farther westward at 200 km is the South Pacific Ocean. In the opposite direction (less frequent wind direction) is found the Strait of Magellan at 10 km leeward. Thus, the study site receive the contribution of marine aerosols from both west and east wind directions.



The principal component analysis for elements in the atmospheric aerosols from Monte Fenton presents two factors. Factor 1 (cumulative variance 71.3%) brings together the V, Mn, Fe, Ni, Cr, Pb, Al, crNa, crZn, crCa, Br, crK, ncrNa, Ti, crMg, Se, P and Si. It can be attributed to natural sources due to resuspension phenomena since most of the elements in this cluster have significant abundance (in ppm) in the Earth’s crust [37,38]. Factor 2 (85.9% cumulative variance), which brings together the Cl, ncrK and S elements, can also be attributed to natural sources due to the emission of marine aerosols since the elements in this cluster have a significant abundance (in ppm) in the ocean [35,36]. It should be noted that in Factor 1, crNa and ncrNa are grouped and show loading > 0.9. This situation could have arisen during wind events in which Na of marine origin has been transported and deposited in the surroundings of Base Gavilán on Monte Fenton. In addition, soil resuspension phenomena would have allowed marine Na to add to local lithospheric aerosols [50]. On the other hand, at Monte Fenton ncrNa constitutes the dominant contribution (>82%) to the total Na quantified, which could imply an oceanic origin [24]. It is worth noting that separation between the crNa and ncrNa fractions was obtained using a bibliographic value and not from local concentration data for the study area [57].



The principal component analysis for ions in the total deposition from Monte Fenton presents three factors. Factor 1 (cumulative variance 44.7%), which brings together the ssSO42−, ssK+, Na+, Mg2+ and Cl− ions, can be attributed to the emission of marine aerosols, given the abundance of these ions in the ocean. [35,36]. Factor 2 (cumulative variance 77.8%), which brings together the nssK+, nssSO42− and Ca2+ ions, can be attributed to the emission of anthropogenic aerosols (given the presence of the nssK+ and nssSO42− ions).



The presence of the nssSO42− ion may have occurred due to the production of heating and electricity at Base Gavilán, as well as the emission of sulfur oxides (SOx) contained in fuels consumed by construction works (where Ca2+ emission is also generated), burning coal and firewood (simultaneous emission of Ca2+ and nssK+) [58,59].



During the sampling period, all these activities were developed in the surrounding of MF, as the city of Punta Arenas has been rapidly expanding [60], reaching up to 3 km from the site. Even though the most frequent wind direction, from the west, can be associated with maritime aerosols, a contribution of anthropogenic aerosols is also observed, linked to nssSO42− ion, which might be related to the anthropogenic activity around MF or on Riesco Island (Isla Riesco in Spanish) located across the Otway Sound.



Factor 3 (cumulative variance 94.6%), which brings together the NH4+ and NO3− ions, can be attributed to the emission of biological aerosols. In the case of the Magallanes Region, there are contributing agricultural activities, including land use, breeding and feeding of animals (production of feces and urine from which emission of NH4+ and NO3− ions can be produced in parallel), management and storage of fertilizer, fertilizers applied to cultivated fields, grazing, residue management, and burning of crops, firewood, and residues [59].



The enrichment factors for elements (EF(X/Al)) and ions (EF(X/Na+)) in atmospheric aerosols and the total deposition at Monte Fenton, respectively, show specific and sporadic aerosol contribution events during 2019. For example, the extreme enrichment in the aerosols of the polycarbonate filter 5 would be related to the fact that the filter would not have been adequately attached to the filter holder of the low-volume system, which produced low Al uptake (reference element Y), increasing the values (EF(X/Al)). The extreme enrichment in the aerosols of the polycarbonate filter 19 would be related to the activities of the so-called “Chilean social outbreak” in Punta Arenas between 19 and 23 October 2019, where there was burning of tires, vehicles, and urban solid waste, which would have contributed to an increase in the concentration of the elements Fe, Mn, and V [61,62].



The enrichment factors for ions (EF(X/Na+)) in the TDPC 1 and TDPC 2 samples would be related to the urban growth of the city of Punta Arenas in recent years [60], which has led to an increase in the burning of firewood and urban waste, as an alternative for heating generation during wintertime [63]. A consequence is ash formation, which comprises Ca2+, K+, Mg2+ and SO42− minerals, the latter as calcium sulfate (CaSO4) [64,65,66,67,68]. Thus, ash transport to Base Gavilán on Monte Fenton might have caused an increase in the concentration of Ca2+, nssK+ and nssSO42− ions.



The Chilean National Air Quality Information System (Sistema de Información Nacional de Calidad del Aire or SINCA for its acronym in Spanish) indicated that the city of Punta Arenas between 1 May and 30 November 2019 did not exceed 13.5 μg/m3 of PM2.5 concentration, with an atmospheric emission limit of 50 μg/m3 daily and 20 μg/m3 annually, according to the Chilean Supreme Decree No. 12 (D.S.N°12/2012) [69]. This record, together with the evidence previously presented, demonstrates this austral region undergoes the occurrence of specific and sporadic contamination events of anthropic origin that are represented in the atmosphere of Monte Fenton, thus validating the study site for monitoring contamination around the rapidly growing city of Punta Arenas.




5. Conclusions


The present study provides the first report on the chemical characterization of atmospheric aerosols on a 612 m altitude site of the Magellan Province in the Chilean Southern Patagonia. The results offer a first assessment of the contribution of atmospheric aerosol sources in a scarcely studied region of the Southern Hemisphere.



During the study period, the atmosphere was relatively neutral compared to the standard pH for rain or snow (without contamination, pH = 5.6) with a mean value of 6.8 and relatively low levels of conductivity with values below 50 µS/cm. Thus indicating low ion formation in the atmosphere of the sampling site, derived from low pollution levels.



The results also showed that the main contribution to aerosols in the atmosphere of Monte Fenton came from marine and lithospheric sources, followed by local anthropogenic sources such as burning firewood and/or urban waste for heating production.



These first reported results contribute to filling an existing gap in the knowledge of atmospheric aerosols in Southern Patagonia. For future work, it is suggested to extend the sample collection period on an interannual basis.
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Figure 1. Location of the sampling site Monte Fenton (white arrow) in (A) the Chilean Magellan Province, Southern Patagonia; (B) a view including the city of Punta Arenas; (C) aerial view of the Club Andino area, and (D) a close up of the Base Gavilán, with location of total deposition passive collector (TDPC) (red arrow) and Automatic Meterorological Station (yellow arrow). Adapted from Google Earth, https://tinyurl.com/2a9z6ah4, (accessed on 24 April 2023). All rights reserved 2023 by Google. Adapted with permission of the author. 
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Figure 2. Low-volume sampling system at Monte Fenton (A) Images of parts ((1) air inlet, (2) flowmeter and (3) vacuum pump); (B) Assembly diagram of the system. 
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Figure 3. (A) Location of the TDPC at Base Gavilán on Monte Fenton; (B) Diagram of the TDPC (Each TDPC is composed of a polyethylene receiving bottle (1) for WD, a polypropylene container (2), a silicone O-ring (3), a 47 mm quartz filter and 0.45 µm pore diameter (4), a 40 mm diameter Teflon filter holder in which a quartz filter (5) (47 mm diameter) is deposited, a polypropylene adapter (6), a 25 mm diameter perforated Teflon disc with 0.5 mm pore diameter (7), a polypropylene ring (8) and a polyethylene collecting funnel (9) of 115 cm in diameter and 30 cm in height). 
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Figure 4. (A) Record of mean daily temperature (T (°C), blue color line), mean daily relative humidity (RH (%), red color line); (B) Monte Fenton wind rose between 1 May and 30 November 2019. 
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Figure 5. Enrichment factors (EF) calculated for (A) Ions (EF(X/Na+)); and (B) Elements (EF(X/Al)) for the sampling at Monte Fenton between May–November 2019. 
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Table 1. Sample collection periods in total deposition passive collectors (TDPC) and polycarbonate filters, and records of mean temperature (T (°C)), mean relative humidity (RH (%)), and mode of wind direction for sampling at Monte Fenton, May–November 2019.
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	Sampling
	Date
	T (°C)
	RH (%)
	Wind Direction





	Polycarbonate filter 1
	8–15 May
	1.8
	88.9
	270.4



	Polycarbonate filter 2
	15–22 May
	2.4
	92.0
	316.7



	Polycarbonate filter 3
	22–29 May
	0.7
	93.6
	300.3



	Polycarbonate filter 4
	29 May–4 June
	1.0
	88.1
	266.3



	Polycarbonate filter 5
	4–20 June
	0.1
	93.6
	236.3



	Polycarbonate filter 6
	20 June–2 July
	−2.6
	92.4
	264.3



	Polycarbonate filter 7
	2–9 July
	−0.8
	96.8
	161.4



	Polycarbonate filter 8
	9–17 July
	−0.9
	96.6
	80.4



	Polycarbonate filter 9
	17–31 July
	−1.6
	92.7
	312.6



	TDPC 1
	5 June–31 July
	−1.1
	94.1
	236.3



	Polycarbonate filter 10/TDPC 2
	31 July–8 August
	−2.0
	96.8
	309.5



	Polycarbonate filter 11
	8–14 August
	−3.4
	86.5
	309.5



	Polycarbonate filter 12
	14–22 August
	−0.7
	91.5
	38.43



	TDPC 3
	8–22 August
	−1.7
	89.2
	312.6



	Polycarbonate filter 13/TDPC 4
	22–29 August
	−2.1
	96.7
	287.5



	Polycarbonate filter 14/TDPC 5
	29 August–5 September
	−3.5
	87.7
	263.7



	Polycarbonate filter 15/TDPC 6
	5–26 September
	−1.0
	82.3
	282.5



	Polycarbonate filter 16/TDPC 7
	26 September–3 October
	−0.4
	82.4
	261.1



	Polycarbonate filter 17/TDPC 8
	3–10 October
	−1.1
	86.3
	282.2



	Polycarbonate filter 18/TDPC 9
	9–16 October
	−0.1
	94.6
	261.1



	Polycarbonate filter 19
	16–23 October
	1.7
	82.3
	350.3



	Polycarbonate filter 20
	23 October–6 November
	−0.4
	82.7
	260.8



	Polycarbonate filter 21
	6–13 November
	4.2
	78.3
	314.2



	Polycarbonate filter 22
	13–20 November
	2.8
	76.7
	262.4



	TDPC 10
	23 October–20 November
	1.4
	80.3
	312.6
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Table 2. Statistical description and percent distribution (%) of the element concentration series (mg/m3) for aerosol samples from polycarbonate filters during the study period May–November 2019.
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Concentrations (mg/m3)




	
Element

	
Mean

	
Minimum

	
Maximum

	
(%)






	
Al

	
2.1 × 10−5

	
9.1 × 10−8

	
2.7 × 10−4

	
1.1




	
Br

	
1.7 × 10−6

	
1.7 × 10−8

	
2.1 × 10−5

	
0.1




	
crCa

	
1.1 × 10−5

	
2.7 × 10−8

	
1.6 × 10−4

	
0.5




	
ncrCa

	
2.2 × 10−6

	
2.7 × 10−8

	
1.1 × 10−5

	
0.1




	
Cl

	
3.4 × 10−4

	
3.1 × 10−5

	
9.8 × 10−4

	
17.2




	
Cr

	
3.9 × 10−4

	
5.5 × 10−8

	
8.5 × 10−3

	
19.8




	
Fe

	
9.5 × 10−4

	
6.2 × 10−7

	
2.1 × 10−2

	
48.3




	
crK

	
2.6 × 10−6

	
7.0 × 10−9

	
2.6 × 10−5

	
0.1




	
ncrK

	
6.2 × 10−6

	
7.0 × 10−9

	
1.9 × 10−5

	
0.3




	
crMg

	
3.2 × 10−6

	
3.5 × 10−8

	
2.0 × 10−5

	
0.2




	
ncrMg

	
3.2 × 10−6

	
7.3 × 10−8

	
1.7 × 10−5

	
0.2




	
Mn

	
2.4 × 10−5

	
2.2 × 10−8

	
5.3 × 10−4

	
1.2




	
crNa

	
5.4 × 10−6

	
2.4 × 10−8

	
7.0 × 10−5

	
0.3




	
ncrNa

	
6.6 × 10−5

	
2.8 × 10−6

	
5.3 × 10−4

	
3.4




	
Ni

	
5.8 × 10−5

	
1.6 × 10−8

	
1.3 × 10−3

	
3.0




	
P

	
1.3 × 10−6

	
2.0 × 10−8

	
7.4 × 10−6

	
0.1




	
Pb

	
1.3 × 10−6

	
9.5 × 10−8

	
1.4 × 10−5

	
0.1




	
S

	
3.9 × 10−5

	
5.2 × 10−6

	
9.9 × 10−5

	
2.0




	
Se

	
3.4 × 10−7

	
3.0 × 10−8

	
1.5 × 10−6

	
0.0




	
Si

	
4.0 × 10−5

	
3.0 × 10−8

	
2.6 × 10−4

	
2.0




	
Ti

	
5.9 × 10−7

	
5.3 × 10−8

	
5.2 × 10−6

	
0.0




	
V

	
9.9 × 10−7

	
9.7 × 10−9

	
2.0 × 10−5

	
0.1




	
crZn

	
2.0 × 10−8

	
8.8 × 10−11

	
2.6 × 10−7

	
0.0




	
ncrZn

	
5.5 × 10−7

	
1.2 × 10−7

	
2.5 × 10−6

	
0.0




	
Total

	

	

	

	
100
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Table 3. Statistical description and percent distribution (%) of ion concentration (mg/m3) series and measurements of pH and EC (µS/cm), for samples from TDPCs, in the study period (May–November 2019).
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Concentrations (mg/m3)






	
Ion

	
Mean

	
Minimum

	
Maximum

	
(%)




	
NH4+

	
1.2 × 103

	
5.5 × 102

	
1.8 × 103

	
5.7




	
Ca2+

	
2.1 × 102

	
5.0 × 10−1

	
8.5 × 102

	
1.0




	
Cl−

	
1.1 × 104

	
2.4 × 103

	
2.9 × 104

	
55.0




	
Mg2+

	
2.1 × 102

	
1.0 × 100

	
8.9 × 102

	
1.0




	
NO3−

	
2.7 × 102

	
8.4 × 101

	
6.5 × 102

	
1.3




	
ssK+

	
1.6 × 102

	
6.1 × 101

	
2.7 × 102

	
0.8




	
nssK+

	
6.4 × 102

	
4.0 × 101

	
2.5 × 103

	
3.1




	
Na+

	
4.3 × 103

	
1.6 × 103

	
7.1 × 103

	
21.0




	
ssSO42−

	
1.1 × 103

	
4.2 × 102

	
1.8 × 103

	
5.3




	
nssSO42−

	
1.2 × 103

	
4.0 × 100

	
4.7 × 103

	
5.7




	
pH

	
6.8

	
6.4

	
7.4

	




	
EC

	
32.5

	
15.0

	
49.6

	




	
Total

	

	

	

	
100
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Table 4. Correlation coefficients (R2) between ion concentrations and pH and ion concentrations and EC (µS/cm) for samples from TDPCs, in the period May–November 2019.
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Correlation Coefficient




	
Ion

	
R2 (pH)

	
R2 (EC)






	
NH4+

	
0.43

	
0.03




	
Ca2+

	
0.09

	
0.02




	
Cl−

	
0.01

	
0.21




	
Mg2+

	
0.00

	
0.06




	
NO3−

	
0.17

	
0.02




	
ssK+

	
0.08

	
0.49




	
nssK+

	
0.01

	
0.02




	
Na+

	
0.08

	
0.52




	
ssSO42−

	
0.07

	
0.49




	
nssSO42−

	
0.07

	
0.00
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Table 5. Factor matrix from Principal Component Analysis (PCA) for elements in atmospheric aerosol samples, May–November 2019. Significant values (values >|0.7|) are indicated in bold.
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	Element
	F1
	F2





	V
	0.993
	0.033



	Mn
	0.992
	0.033



	Fe
	0.992
	0.033



	Ni
	0.992
	0.033



	Cr
	0.992
	0.033



	Pb
	0.991
	0.045



	Al
	0.987
	0.092



	crNa
	0.987
	0.092



	crZn
	0.987
	0.092



	crCa
	0.984
	0.115



	Br
	0.983
	0.131



	crK
	0.969
	0.135



	ncrNa
	0.967
	0.219



	Ti
	0.939
	0.161



	crMg
	0.939
	0.221



	Se
	0.930
	0.122



	P
	0.861
	0.268



	Si
	0.734
	0.317



	Cl
	0.116
	0.971



	ncrK
	−0.281
	0.943



	S
	0.402
	0.902



	ncrCa
	0.541
	0.668



	ncrMg
	−0.119
	−0.085



	ncrZn
	0.046
	0.186



	Accumulated variance (%)
	71.3
	85.9
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Table 6. Factor matrix by Principal Component Analysis (PCA) for ions in the TD, May–November 2019. Significant values (values >|0.7|) are indicated in bold.
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	Ion
	F1
	F2
	F3





	ssSO42−
	0.967
	−0.038
	0.233



	ssK+
	0.967
	−0.038
	0.233



	Na+
	0.967
	−0.038
	0.233



	Mg2+
	0.845
	0.424
	−0.060



	Cl−
	0.839
	0.404
	0.265



	nssK+
	0.016
	0.956
	0.099



	nssSO42−
	0.295
	0.933
	0.057



	Ca2+
	−0.027
	0.929
	−0.161



	NH4+
	0.274
	−0.323
	0.866



	NO3−
	0.280
	0.467
	0.809



	Accumulated variance (%)
	44.7
	77.8
	94.6
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