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Abstract 22 

The chemical composition of atmospheric aerosol collected at the Col Margherita Atmospheric 23 

Observatory (46° 22ˈ 0.059ˈˈ N, 11° 47ˈ 30.911ˈˈ E, 2543 m a.s.l.) was investigated during spring 24 

and summer 2018. This is the first study of this area and should lead to a better understanding of the 25 

aerosol chemical composition in the Southern slope of the Eastern Italian Alps, with the aim of 26 

proposing this high altitude site as a background station. Aerosol samples were analyzed to 27 

determine several water soluble components (Cl-, Br-, I-, NO3
-, SO4

2-, K+, Mg2+, Na+, NH4
+, Ca2+), 28 

organic acids (methanesulfonic acid and C2-C7 carboxylic acids), monosaccharides, alcohol-sugars, 29 

levoglucosan and its isomers, sucrose, phenolic compounds, free L- and D-amino acids and photo-30 

oxidation products of α-pinene (cis-pinonic acid and pinic acid). The majority of the mass 31 

concentration is explained by ionic species, but the other investigated compounds allow us to study 32 

other processes or identify the potential sources. Carboxylic acids and photochemical products of α-33 

pinene were used to study photochemical or oxidative processes. Biomass burning input was 34 

evaluated using two specific classes of biomarkers: anhydrosugars and phenolic compounds, while 35 

biogenic inputs were studied using sugars and free amino acids. None of these water soluble organic 36 

compounds have been properly investigated previously in alpine sites because their concentrations 37 

in aerosol are very low.  38 

 39 

 40 

 41 

42 
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 43 

1. Introduction 44 

Aerosol particles play an active role in the global radiative balance, influencing absorption and 45 

scattering. Their chemical composition can influence their hygroscopic proprieties and hence their 46 

ability to act as cloud condensation nuclei (CCN). Knowledge of their chemical composition allows 47 

us to distinguish between natural and anthropogenically generated aerosols. Globally, about 10–48 

20% of the aerosols emitted are from anthropogenic sources, but local conditions and human 49 

activities can increase drastically the anthropogenic contribution (Seinfeld and Pandis, 2006). 50 

Furthermore, their chemical composition can indicate if they are primary aerosols, directly emitted 51 

by natural or anthropogenic sources, or secondary aerosols, produced by gas-to-particle conversions 52 

or photochemical transformations. 53 

The chemical composition of aerosols has been examined in many different environments, such as 54 

marine, urban, rural, high altitude and remote areas (Calvo et al., 2013), but the investigations were 55 

mainly focused on inorganic ions and trace elements (Dordević et al., 2012; Putaud et al., 2004; 56 

Stortini et al., 2009), and on the estimation of the total contribution of water soluble organic carbon 57 

(Cavalli et al., 2004; Graham et al., 2003; Matta et al., 2003; Timonen and Saarikoski, 2008; Yang 58 

et al., 2004). The water soluble organic fraction is currently poorly understood due to the large 59 

number of compounds involved, but valuable information on atmospheric processes can be obtained 60 

by quantifying and using the relative abundances of water-soluble organic compounds. For 61 

example, carboxylic acids can be used to investigate secondary reactions that occurred in the 62 

atmosphere (Legrand et al., 2007). Anhydrosugars, like levoglucosan, and phenolic compounds can 63 

be used to evaluate the impact of biomass burning in the atmosphere (Barbaro et al., 2019; 64 

Pietrogrande et al., 2017; Perrone et al., 2012; R. Zangrando et al., 2016). Biogenic input plays an 65 

important role in atmospheric aerosols: for instance the presence of fungal spores can be studied by 66 

determining some alcohol sugars (Bauer et al., 2008). Primary biological aerosol particles (PBAP) 67 

can be investigated using saccharides and alcohol-sugars (Samaké et al., 2019) or free amino acids 68 

(Matos et al., 2016 and references therein).  69 

In this study, the Col Margherita Atmospheric Observatory (MRG) is proposed as the first high 70 

altitude background site in the Eastern Italian Alps. This is a pilot study that investigated the 71 

chemical composition of aerosol at this high altitude station. In the Alps, the Global Atmosphere 72 

Watch (GAW) program has designated three main stations as clean continental air stations in 73 

central Europe: Jungfraujoch (3580 m a.s.l., Switzerland), Sonnblick (3106 m a.s.l., Austria) and 74 

Zugspitze (2962 m a.s.l., Germany), all of which are on the northern slope of the Alps. Gravimetry, 75 

ionic species and total organic carbon (TOC) are usually the main components investigated in 76 
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discrete aerosol samples (Cozic et al., 2008; Hjellbrekke, 2018). The novelty of this work is the 77 

detailed chemical characterization of aerosol, by expanding the number of compounds to include 78 

amino acids, sugars, phenolic compounds, and photo-oxidation products of α-pinene, all of which 79 

are rarely investigated in aerosol. Aerosol samples (PM10) were collected during the spring and 80 

summer of 2018, each sample was analyzed to determine inorganic ions (Cl-, Br-, I-, NO3
-, SO4

2-, 81 

K+, Mg2+, Na+, NH4
+, Ca2+), twelve organic acids (methanesulfonic acid and C2-C7 carboxylic 82 

acids), seven monosaccharides (arabinose, fructose, galactose, glucose, mannose, ribose, xylose), 83 

eight alcohol-sugars (arabitol, erythritol, mannitol, ribitol, sorbitol, xylitol, galactitol, maltitol), 84 

three anhydrosugars (levoglucosan, mannosan and galactosan), sucrose, eleven phenolic 85 

compounds, forty free L- and D-amino acids and two photo-oxidation products of α-pinene (cis-86 

pinonic and pinic acid).  87 

2. Experimental  88 

2.1. Study area 89 

Col Margherita Atmospheric Observatory (MRG) is located on a rocky grassed peak in the central 90 

eastern Italian Alps about halfway between Mt Marmolada and the Pale di San Martino group (46° 91 

22ˈ 0.059ˈˈ N, 11° 47ˈ 30.911ˈˈ E, 2543 m a.s.l.). Thanks to its location and altitude, MRG has very 92 

few orographic obstructions. Indeed, MRG is on the highest peak within a 4 km radius , with the 93 

exception of a summit that is 200 m higher 3.3 km away (west south-west direction). This makes 94 

MRG a good site for investigating atmospheric circulation on a regional scale. 95 

During spring the average daily temperature was 1.8°C (st dev 4.9°C) and the summer average was 96 

8.4°C (st dev 2.6°C); the extreme values of -17 °C and 18 °C were measured in March and July 97 

respectively. In the same period, the total amount of precipitation was about 1100 mm. The 98 

temporal distribution and quantitative variation of precipitation were homogeneous over the time 99 

periods with 60 rainy days in spring (corresponding to 46% of the total sum of precipitation) and 58 100 

rainy days in summer (54% of the total sum). The accumulation and duration of seasonal snow were 101 

influenced by both the typical meteorological conditions of high-altitude environments and the 102 

orographic exposure which makes the site particularly exposed to wind. In the area close to the 103 

observatory, the snow cover remained until the 6th of May. After this date, as the ground was snow-104 

free. Considering the prevailing winds during the investigated period, MRG was equally affected by 105 

westerlies, easterlies and wind from the south-east direction both in spring and summer, the average 106 

daily wind speed was 4.6 m/s (st dev 2.4 m/s) in spring and 3.1 m/s (st dev 1.3 m/s) in summer. 107 
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2.2 Sampling and processing 108 

Samples were collected using a low volume aerosol sampler (AMS Analitica, Italy) equipped with a 109 

sequential sampler with an electronically adjustable flow (flow value 38.33 L min-1) and a 110 

sequential sampling module for automatic filter changing after 7 days. PM10 was collected on quartz 111 

fiber filters (QFFs, Whatman, ø 47 mm), previously decontaminated with a 4 h pre-combustion at 112 

400 °C in a muffle furnace. Samples were collected from 6th April to 26th April and from 17th July 113 

to 17th August of 2018 with a weekly resolution. Our previous experience in polar regions, and tests 114 

in the field, showed that this exposure time was necessary to obtain enough material for the 115 

quantification of species at very low concentrations. The sampling site is a remote area and suffers 116 

from a critical issue especially during the summer season, frequent electrical over voltages caused 117 

by atmospheric discharges which severely disrupted the sampling campaign. 118 

Blank and sample filters were weighed three times (%RSD 5–10%) over 24 h before and after 119 

sampling using a KERN ALT 220-4NM balance (readability 0.1 mg, repeatability SD = 0.1 mg). 120 

The balance and the filters were kept in a temperature (24±1 °C) and humidity (47±2%) controlled 121 

nitrogen glove box before and during the weighing procedure. 122 

Half of the filter was broken into small pieces and placed in a 15 mL vial (previously cleaned with 123 

ultrapure water into ultrasonic batch for 30 min) with steel tweezers, the other half was conserved 124 

for trace elemental analysis. The sample was spiked with 50 ng of 13C-labelled internal standard 125 

mix of L-[13C3] alanine, L-[13C4] aspartic acid, L-[13C5] glutamic acid, L-[13C6] arginine, L-[13C1] 126 

leucine, L-[13C1] phenylalanine, L-[13C1] proline, L-[13C1] valine, 13C1-vanillic acid and 13C6-127 

vanillin  and 100 ng of 13C6-glucose and 13C6-levoglucosan. Extraction was carried out with 5 mL of 128 

ultrapure water in an ultrasonic bath for 30 min at 10 °C to avoid volatilization of the analytes. The 129 

extract solution was filtered through a 0.45 μm PTFE filter to remove particles and quartz fiber 130 

traces before instrumental analysis. 131 

2.3 Instrumental analysis 132 

Previously validated methods were applied to the aerosol samples to determine inorganic ions and 133 

organic acids (methanesulfonic acid and C2-C7 carboxylic acids) (Barbaro et al., 2017), 134 

monosaccharides, alcohol-sugars, levoglucosan and its isomers, sucrose (Barbaro et al., 2015), free 135 

amino acids (E. Barbaro et al., 2015a), phenolic compounds (Roberta Zangrando et al., 2016b), and 136 

photo-oxidation products of α-pinene (M. Feltracco et al., 2018). 137 
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The quantification of all anions (Cl-, Br-, I-, NO3
-, SO4

2-, MSA-) and eleven carboxylic acids (C2-138 

oxalic, C2-acetic, C2-glycolic, C3-malonic, C4-succinic, hC4-malic, cis-usC4-maleic, trans-usC4-139 

fumaric, C5-glutaric, C6-adipic and C7-pimelic acids) was performed using an ion chromatograph 140 

(Thermo Scientific DionexTM ICS-5000, Waltham, MA, USA), coupled with a single quadrupole 141 

mass spectrometer (MSQ PlusTM, Thermo Scientific, Bremen, Germany). Chromatographic 142 

separation was carried out using an anion exchange column Dionex Ion AS19 2x250 mm equipped 143 

with Dionex Ion Pac AG19 guard column (2x50mm). The gradient of sodium hydroxide (NaOH), 144 

produced by an eluent generator (Dionex ICS 5000EG, Thermo Scientific), with a 0.25 mL min-1 145 

flow rate was: 0 min, 0.5 mM; 0–3.5 min gradient from 0.5 to 5 mM; 3.5–5 min gradient from 5 to 146 

10 mM; 5–25 min gradient from 10 to 38 mM; 25–30 min, column cleaning with 38 mM; 30–35 147 

min; equilibration at 0.5mM. The injection volume was 100 μL. A suppressor (ASRS 500, 2 mm, 148 

Thermo Scientific) removed NaOH before entering the (-)-ESI source of mass spectrometer, that 149 

operated in Single Ion Monitoring (SIM) mode. 150 

Cations determination (K+, Mg2+, Na+, NH4
+, Ca2+) occurred using the same ion chromatograph 151 

equipped with a capillary system and a conductivity detector. Cations were separated using an Ion 152 

Pac CS19 capillary cation-exchange column (0.4x250 mm) with an Ion Pac CG19 guard column 153 

(0.4x50 mm).  154 

Free L- and D- amino acids determination was obtained using an Agilent 1100 Series HPLC System 155 

(Waldbronn, Germany; with a binary pump, vacuum degasser, autosampler), coupled with an API 156 

4000 Triple Quadrupole Mass Spectrometer (Applied Biosystem/MSD SCIEX, Concord, Ontario, 157 

Canada) using a TurboV electrospray source that operated in positive mode with multiple reaction 158 

monitoring (MRM). Separation of free L- and D-amino acids was carried out with a chiral 159 

2.1×250mm CHIROBIOTIC TAG column (Advanced Separation Technologies Inc, USA) with 160 

ultrapure water with 0.1% formic acid (eluent A) and methanol with 0.1% formic acid (eluent B) as 161 

mobile phases. The binary elution program at a flow rate of 0.15 mL min-1 was as follows: 0-15min, 162 

an isocratic step with 30% of eluent B; 15–20 min, a gradient from30 to 100% B; 20–25 min an 163 

isocratic washing step with 100% of eluent B; 27–30 min, re-equilibration to 30% eluent B. The 164 

injection volume was 100 μL.  165 

Phenolic compounds (vanillic (VA), isovanillic (IVA), homovanillic (HA), syringic (SyA), p-166 

coumaric (PA), ferulic acids (FA), vanillin (VAN), syringaldehyde (SyAH), coniferyl aldehyde 167 

(CAH), acetosyringone (SyAC), acetovanillone (VAC)) and photo-oxidation products of α- pinene 168 

(cis-pinonic acid and pinic acid) were determined using the same HPLC-MS/MS system used for 169 

amino acids determination. Both chromatographic separations were carried out using a Zorbax 170 
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Extend C18 (150 mm × 4.6 mm, 3.5 μm, Agilent) column using a 0.01% formic acid aqueous 171 

solution (eluent A) and a solution of methanol/acetonitrile 80/20 (eluent B) as mobile phases and a 172 

flow of 0.5 mL min-1. The injection volume was 100 μL with the ESI source operating in negative 173 

mode. The binary elution program for phenolic compounds separation was as follows: 0–2 min 15% 174 

eluent B, 2–3min gradient to 30% of eluent B, 3–8 min isocratic elution at 30% of eluent B, 8–16 175 

min gradient to 70% of eluent B, 17–27 min column cleaning at 100% of eluent B, and then 27–34 176 

min with 15% of eluent B as equilibration step. Instead, the gradient program for pinonic and pinic 177 

acids was: 0–1 min, 20% eluent B; 8–25 min, 100% eluent B; 25–35 min, equilibration with 20% 178 

eluent B.  179 

Finally, the ion chromatograph and single quadrupole mass spectrometer (ICS-5000 and MSQ 180 

PlusTM, Thermo Scientific) were used to determine sugars in the aerosol samples. To separate six 181 

monosaccharides (arabinose, fructose, galactose, glucose, mannose, ribose, xylose), sucrose and 182 

maltitol, a CarboPac PA10™ column (Thermo Scientific, 2×250 mm) equipped with a CarboPac 183 

PA10™ guard column (2×50 mm) was used with a NaOH gradient as follows: 1 mM (0–3 min), 20 184 

mM (20-25 min), 100 mM (25-35 min, column cleaning) and equilibration at 1mM (35–45 min).  185 

Seven alcohol-sugars (arabitol, erythritol, mannitol, ribitol, sorbitol, xylitol, galactitol) and 186 

anhydrosugars (levoglucosan, mannosan and galactosan) were separated using a CarboPac MA1™ 187 

analytical column (Thermo Scientific, 2x250 mm) equipped with an AminoTrap column (2 × 188 

50mm) and a NaOH gradient as follows: 20 mM (0–23 min), 100 mM (23–43 min, column 189 

cleaning), 20 mM (43–53 min, equilibration). The injection volume for both methods was 50 μL, 190 

and the flow rate was 0.25 mL min-1. The detection of each compound was done in SIM acquisition 191 

mode in (-)-ESI-MS.  192 

The method detection limit (MDL) is defined as three times the standard deviation of the mean 193 

value of the field blanks (n = 3). Table S1 reports the relative MDLs for each quantified compound 194 

and their associated blank values as all quantified data were previously blank corrected, only values 195 

above the MDL have been considered in the discussion. 196 

3. Results and discussion 197 

During the spring and summer seasons, the mean mass concentrations of PM10 were 7±3 and 6±2 198 

µg m-3, respectively and the t-test demonstrated that the two mean values are not statistically 199 

different (with p<0.01). These values are consistent with those found at the high altitude 200 

Jungfraujoch station in the Western Swiss Alps (3580 m a.s.l.) during April 2000-2005 (4±2 µg m-201 

3) and during July-August 2000-2005 (6±3 µg m-3) (Cozic et al., 2008). In contrast, the MRG values 202 
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are lower than mass concentrations obtained at the high altitude Mt. Cimone station in the Italian 203 

northern Apennines (2165 m a.s.l.) where 14±7 µg m-3 was the PM10 average summer value for the 204 

1998-2011 period (Tositti et al., 2013).  205 

All data from the PM10 aerosol samples collected at MRG during the spring and the summer of 206 

2018 have been combined to perform a chemical characterization of high altitude alpine aerosol. 207 

This is the first characterization of atmospheric aerosol in the Eastern Italian Alps and, for the first 208 

time, several chemical species have been simultaneously determined. Inorganic ions, carboxylic 209 

acids, photo-oxidation products of α-pinene (cis-pinonic and pinic acid), biomass burning tracers 210 

(anhydrosugars and phenolic compounds), free amino acids and sugars represented 34±15% and 211 

59±10% of the total mass concentration during spring and summer 2018, respectively. Some 212 

inorganic ions, such as SO4
2-, Na+, NH4

+, NO3
-, Ca2+, Mg2+, K+, and carboxylic acids were the most 213 

abundant compounds while other species explained <0.1% of the mass concentration, as reported in 214 

Figure 1. Further investigations are necessary to explain the unknown components of Alpine 215 

aerosol. For example, black carbon (Putaud et al., 2004), water insoluble compounds (Favez et al., 216 

2008) and mineral components (Pey et al., 2009) may have important contributions to the total mass 217 

concentration. 218 

3.1 Primary aerosol and oxidative processes: ionic species 219 

The ionic composition is similar between spring and summer (Figure 2). The ionic mass 220 

concentration was dominated by sulfate (71 and 72% of the total ionic species in spring and 221 

summer, respectively), NO3
- (12% and 11%) and Ca2+ (8% and 5%). The concentration of NH4

+ 222 

increased from 138±113 ng m-3 (6%) in spring to 281±112 ng m-3 (8%) in summer. Similar 223 

increases in the summer season were also reported for Na+ because its concentration varied from 224 

24.5±0.9 ng m-3 (1%) to 87.9±0.3 ng m-3 (3%). The other ions are below 1% of the total ionic 225 

species and the comparison between spring and summer concentrations is reported in Figure 2.  226 

Table 1 reports a comparison of ionic concentrations of aerosol samples collected at MRG with 227 

values obtained at other high altitude stations. For the comparison, some data were obtained from 228 

measurements of air quality in Europe, carried out under the "Co-operative programme for 229 

monitoring and evaluation of the long-range transmission of air pollutants in Europe" (EMEP). The 230 

last EMEP report described particulate matter, organic and elemental carbon in air and precipitation 231 

in samples collected during the 2016 campaign (Hjellbrekke, 2018). The mean spring and summer 232 

data, reported in Table 1, were calculated by extracting data from http://ebas.nilu.no and 233 

considering the same time periods covered by the MRG data. Finally, Table 1 also reports the 234 
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spring and summer ionic concentrations in the PM10 aerosol samples collected at Jungfraujoch 235 

(Switzerland) between 2000 to 2011. The mean spring and summer values were calculated using 236 

data extracted from http://actris.nilu.no (Cozic et al., 2008). The ionic concentrations of MRG 237 

during spring and summer 2018 match well with other data from high-alpine regions (Table 1). The 238 

data of MRG samples are consistent also with those reported by Cozic et al. (2008) for Jungfraujoch 239 

station (Switzerland) for the period June 1999 to September 2006. These levels of concentrations 240 

were attributed to vertical aerosol transport by thermally driven convection, acting between late 241 

spring and late summer (Cozic et al., 2008).  242 

The chemical composition of aerosol samples can provide information on sources and some 243 

transport processes. Primary aerosol, such as sea-salt or dust, can be distinguished from secondary 244 

aerosol, formed by the transformation of gaseous precursors of natural or anthropogenic origin into 245 

condensable material. For example, sulfate can have three different sources: sea-salt sulfate (ss-246 

SO4
2-); non-sea salt sulfate (nss-SO4

2-) as a natural product of the oxidation of dimethyl sulfide 247 

(DMS) released from marine algae (Gondwe et al., 2003); and nss-SO4
2-, an anthropogenic aerosol 248 

from the oxidation of SO2, emitted from fossil fuel combustion (Chin and Jacob, 1996). The 249 

contribution of ss-SO4
2- was calculated for MRG samples using the SO4

2- to Na+ ratio, considering 250 

that ratios higher than the seawater value (0.25 w/w) were indicative of seawater plus other sources. 251 

This primary marine contribution was reasonably negligible because nss-SO4
2- represented 99% of 252 

sulfate. Moreover, the anthropogenic contribution (ex SO4
2-), obtained by excluding sea-salt sulfate 253 

and mineral dust sulfate and calculated respectively with sodium and calcium using the equation [ex 254 

SO4
2-] = [SO4

2-] - (0.12 [Na+]) – (0.175 [Ca2+]) with concentrations in neq m-3 (Schwikowski et al., 255 

1999) can be calculated. It was found that 94% and 96% of the total sulfate for spring and summer 256 

samples, respectively, were probably formed by oxidation of SO2. We can assume that 257 

anthropogenic input is the main source of sulfate in the MRG aerosol samples. At this high altitude 258 

site, the biogenic input may be negligible from the low concentrations of MSA found (Table 1), 259 

although it is possible that MSA is further oxidized to sulfate during long range transport (Frege et 260 

al., 2017), or that its concentration may be influenced by temperature during emission (Mauldin et 261 

al., 1999). However, a low biogenic input contribution was also confirmed by investigations 262 

conducted at the Sonnblick station in the Austrian Alps (Pichlmayer et al., 1998).  263 

Nitrate is another abundant ionic species in the MRG aerosol samples (Fig. 2). To investigate the 264 

sources of this compound, the nitrate to sulfate ratio (r) was calculated, we obtained a value of 0.14 265 

neq/neq and 0.12 neq/neq for spring and summer samples, respectively. These ratios are consistent 266 

with values calculated at the Jungfraujoch station (r=0.2) (Henning et al., 2003), and in the French 267 
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Alps (r = 0.3) (Preunkert et al., 2002), in the Himalayan region (Shrestha et al., 1997), and for 268 

aircraft measurements during the ACE 1 project (r = 0.15) (Huebert et al., 1998). On the contrary, 269 

the r values at MRG station are quite different of those of urban areas such as at Milan with an r 270 

value of 1.1 (Putaud et al., 2002). The main reason for this difference is that NOx has a faster 271 

oxidation rate than SO2, with higher values for the nitrate-to-sulfate ratio closest to the sources 272 

(Henning et al., 2003).  273 

The topography surrounding the MRG observatory can influence the composition of aerosol due to 274 

erosion processes of the Dolomite rocks by wind and wet precipitation (rain and snow). So, it is 275 

reasonable to assume that some of the contribution of Ca2+ in the aerosol samples derived from 276 

mineral dust, is due to erosion of the rocks and soil re-suspension. Calcium concentrations may also 277 

be influenced by episodes of Saharan dust transport, as reported for the Jungfraujoch region (Cozic 278 

et al., 2008), but other information about size distribution is needed to confirm this hypothesis. 279 

Considering the analysis of back-trajectories (Figure S1), Saharan dust transport has occurred only 280 

during the spring season (19% of South-East air masses) while during summer no air masses came 281 

from the South East. However, no difference in Ca2+ concentrations are reported between spring 282 

and summer, suggesting that Saharan dust is negligible as a Ca2+ source.  283 

The degree of neutralization is evaluated using the ionic balance and considering the ion 284 

concentration in terms of equivalents. Examining the anion/cation charge balance, the ratio of the 285 

sum of anions to the sum of cations found was calculated. A mean value of 2 was obtained for both 286 

seasons, indicating a deficit of cations relative to the measured anions. This deficit was probably 287 

due to a significant concentration of hydrogen cations present in aqueous solution associated with 288 

the aerosols. High acidity of the high altitude aerosol samples was also found at Jungfraujoch 289 

station, probably due to the influence of free tropospheric air (Cozic et al., 2008) and a strong 290 

ammonia gradient with altitude (Beig and Brasseur, 2000).   291 

3.2 Secondary aerosol: carboxylic acids and the photo-oxidation products of α-pinene 292 

During spring and summer 2018, carboxylic acids (C2-acetic, C2-glycolic, C2-oxalic, C3-malonic, 293 

C4-succinic, cis-C4-maleic, trans-C4-fumaric, hC4-malic, C5-glutaric, C6-adipic, pinonic and pinic 294 

acids) had total mean concentrations of 37 ± 16 ng m-3 and 63± 8 ng m-3 in the PM10 samples at 295 

MRG station, respectively. The spring concentration is consistent with the summer mean 296 

concentration (30 ng m-3) found at Sonnblick (3106 m a.s.l, Austria), while the summer 297 

concentration is similar to mean value (70–80 ng m-3) found at Vallot (4360 m a.s.l., French Alps) 298 

(Legrand et al., 2007).  299 
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C2-oxalic acid was always the most abundant compound at the MRG site for both seasons and the 300 

mean concentration ranged between 26±11 ng m-3, 66% abundance in spring and 38±3 ng m-3, 54% 301 

abundance in summer (Figure S2). The summer season showed an increase in concentrations (and 302 

% abundance) for C3-malonic acid from 3±1 ng m-3 (8%) in spring to 7±1 ng m-3 (11%) in summer, 303 

for h-C4-malic acid from 3±3 ng m-3 (8%) to 18±5 ng m-3 (18%), and pinic acid from 3±2 ng m-3 304 

(7%) to 6±1 ng m-3 (9%). The other carboxylic acids were found with percentage abundances <5% 305 

for both seasons.  306 

The aerosol concentration of carboxylic acids can be influenced by primary sources, such as 307 

biomass burning (Falkovich et al., 2005), fossil fuel combustion (Wang et al., 2006) and marine 308 

emissions (Rinaldi et al., 2011). Carboxylic acids also have an important secondary source, because 309 

they are mostly produced by photochemical oxidation of organic precursors (i.e. aromatic 310 

hydrocarbons and alkanes) by several oxidizing agents, such as ozone, OH radicals, or NOx 311 

(Kawamura and Sakaguchi, 1999), they can also be emitted by traffic.(Kawamura and Sakaguchi, 312 

1999). The photo-oxidation products of α-pinene (pinonic acid and pinic acid) have a similar 313 

secondary origin. The precursor α-pinene is the most important monoterpene released by biogenic 314 

sources and rapidly follows the major tropospheric degradation pathway for monoterpenes under 315 

typical atmospheric conditions (Feltracco et al., 2018).  316 

To investigate the formation pathway of each carboxylic acid, a correlation matrix was calculated 317 

(Table 2). C2-oxalic acid showed high correlation coefficients (r>0.8) with several carboxylic acids, 318 

because they are either primarily emitted (or quickly secondarily produced) together with a 319 

dominant fraction as oxalic acid or they are strongly connected to each other in a chain of reactions 320 

that transform the long chain acids into oxalic acid (Hegde and Kawamura, 2012; Legrand et al., 321 

2007).  322 

To investigate the potential sources of carboxylic acids, the C3-malonic acid to C4-succinic acid 323 

ratio can be used as an indicator of enhanced photochemical production of diacids, because C4-324 

succinic acid can be degraded to C3-malonic acid by decarboxylation reactions activated by OH 325 

radicals (Fu et al., 2013). In the MRG aerosol samples, this ratio increased from 4±1 to 7±2 from 326 

spring to summer, suggesting an enhanced secondary reactivity in the atmosphere. Moreover, this 327 

high value for the C3/C4 ratios confirmed secondary atmospheric reactions as the main sources of 328 

these two acids because the C3/C4 for vehicular exhaust is usually lower (0.25–0.44) (Hegde and 329 

Kawamura, 2012). The atmospheric hydroxylation of C4-succinic acid is the main mechanism that 330 

produces h-C4-malic acid (Kawamura and Ikushima, 1993; Legrand et al., 2007). This is also 331 

confirmed by the correlation coefficient between C4-succinic acid and h-C4-malic acid (r= 0.88, p-332 
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value <0.05) in the MRG samples. The higher value of h-C4-to-C4 ratio in spring (4±2) compared to 333 

summer samples (12±3) at MRG station supports the previous hypothesis on the enhanced 334 

photochemical production of diacids in the summer season.  335 

The correlation matrix (Table 2) suggests that C6-adipic acid and cis-C4-maleic and trans-C4-336 

fumaric acids had different sources to other diacids, because no significant (p-value <0.05) 337 

correlation coefficients of these acids were found with C2-oxalic, C3-malonic and C4-succinic acids. 338 

Photochemical oxidation of aromatic hydrocarbons such as benzene and toluene predominantly 339 

produces cis-C4-maleic acid, which can be further isomerized to result in trans-C4-fumaric acid in 340 

the atmosphere during long-range transport (Kawamura and Sakaguchi, 1999). In the MRG aerosol 341 

samples, cis-C4-maleic acid was more abundant than trans-C4-fumaric acid, suggesting that local 342 

input was probably the main source of aerosol. The same origin of these acids is confirmed by the 343 

high negative correlation coefficient (r=-0.94, p-value<0.05, Table 2).  344 

Oxidative processes can be also investigated using the photo-oxidation products of α-pinene, 345 

pinonic acid and pinic acid. The mean concentrations of pinonic acid in the MRG aerosol samples 346 

were 0.6±0.4 ng m-3 (1% of the total carboxylic acids) in spring and 0.40±0.04 ng m-3 (0.6%) in 347 

summer, while pinic acid concentrations varied from 3±2 ng m-3 (7%) and 6±1 ng m-3 (9%) in 348 

spring and summer, respectively. These concentrations are consistent with values found in samples 349 

collected very close to conifers (Haque et al., 2016; Kitanovski et al., 2011; Kristensen et al., 2013; 350 

Zhang et al., 2010), the main supply of their precursor, α-pinene. The formation of these photo-351 

oxidation products follows a partially unknown mechanism. However, several studies explained 352 

that pinic acid can be derived from pinonic acid thought OH initiated photo-oxidation processes 353 

(Librando and Tringali, 2005; Noziere et al., 1999). The correlation matrix (Table 2) confirms their 354 

common source because a high correlation coefficient was found (r= -0.77, p-value<0.05). 355 

Moreover, the summer increase in pinic acid was in agreement with a summer decrease in pinonic 356 

acid. This more abundant photo-oxidative mechanisms during the summer season, as found for the 357 

other carboxylic acids (e.g. higher concentrations of C3-malonic and h-C4 malic acid).  358 

3.3 Biomass burning tracers: anhydrosugars and phenolic compounds 359 

Several organic compounds such as saccharides, straight-chain aliphatic and oxygenated 360 

compounds and terpenoids from vegetation waxes, resins/gums, and other biopolymers (Puxbaum 361 

et al., 2007) are generated from biomass burning. Levoglucosan and its isomers (mannosan and 362 

galactosan) are the major components of organic particulate matter in areas impacted by wood 363 

smoke, and they are usually considered specific tracers of cellulose combustion in aerosol samples 364 

(Simoneit, 1999). The smoke-affected samples are commonly enriched with the monosaccharides 365 
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glucose, arabinose, galactose and mannose, because they derive from cellulose and hemicellulose 366 

polysaccharides and, glucose is present at higher levels in vascular plants (Medeiros et al., 2006). 367 

Phenolic compounds instead, can be used to differentiate between the types of vegetation burned 368 

(Kuo et al., 2011). 369 

Levoglucosan had a mean concentration of 3±1 ng m-3 in spring samples and of 1.5±0.5 ng m-3 in 370 

summer at MRG station, while mannosan and galactosan were 10% and 2% of levoglucosan 371 

concentration respectively. These levoglucosan concentrations are consistent with values detected 372 

in other high altitude sites. For example, aerosol samples collected at Sonnblick (3105 m a.s.l.,  373 

Austria) had a mean concentration of 10.2 ng m-3 in the summer season (Puxbaum et al., 2007), 374 

while the summer mean concentration at Alpe San Colombano site (2280 m a.s.l., Italy) was 6 ng 375 

m-3 (Perrone et al., 2012). The MRG summer concentrations were also similar to values at other 376 

mid altitude sites, such as Puy de Dome (1405 m a.s.l., France) with a concentration of 7.1 ng m-3 or 377 

Schauinsland (1205 m a.s.l., Germany) with 12.3 ng m-3 of levoglucosan.  378 

The biomass burning source is also confirmed by evaluating the glucose-to-levoglucosan ratio, 379 

because a value above 4.5 suggests smoke-free samples, while lower values confirm smoke input 380 

onto the samples (Medeiros et al., 2006). At the MRG station, the ratios varied between 1 and 2 in 381 

the spring and the summer of 2018, respectively. This confirmed the contribution of biomass 382 

burning to the chemical composition of MRG aerosol.  383 

The ratio of levoglucosan-to-mannosan (L/M) can be used to distinguish smoke emissions from the 384 

combustion of different kinds of wood (Fabbri et al., 2009). L/M ratios from 13.8 to 22 are 385 

indicative of hardwood combustion, from 0.6 to 13.8, softwood burning and a values >24 indicate 386 

grass fires. In the MRG samples, the L/M ratio is 8±1 for both seasons, suggesting that softwood 387 

was the main biomass fuels in the combustion emission.  388 

To confirm the softwood combustion hypothesis, phenolic compounds were also quantified in the 389 

MRG samples. Phenolic compounds are indicative of the wood type burned, because softwood 390 

principally generates vanillyl moieties (Oros and Simoneit, 2001a), hardwood lignin produces 391 

syringil and vanillyl compounds (Oros and Simoneit, 2001b), while grass combustion results in 392 

coumaryl moieties (Oros et al., 2006). In the MRG samples, vanillic acid represented the most 393 

abundant phenolic compound with concentrations of 0.04±0.02 ng m-3 (91%) and 0.017±0.003 ng 394 

m-3 (93%) in spring and in summer, respectively. The other phenolic compound found in the MRG 395 

samples was syringic acid with mean concentrations of 0.003±0.002 ng m-3 (9%) and 0.002±0.001 396 
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ng m-3 (7%). The high percentage of vanillyl moieties in the MRG samples confirm that biomass 397 

burning was generated by softwood combustion.  398 

3.4 Biogenic compounds: saccharides, alcohol -sugars and free amino acids 399 

A biogenic source is probably the origin of sugars and free amino acids in the atmosphere, because 400 

these compounds are basic components of terrestrial and marine organisms and primary biogenic 401 

particles (PBAP) such as plant debris, leaf litter, pollen, fungi and bacteria (Fu et al., 2012; Ge et 402 

al., 2011; Tominaga et al., 2011). 403 

Four monosaccharides (glucose, mannose, arabinose and fructose), five alcohol-sugars (arabitol, 404 

mannitol, ribitol, iso-erythriol, sorbitol&galactiol) and sucrose were found in the MRG aerosol 405 

during spring and summer 2018 (Figure 3). The mean concentration of monosaccharides was 13±3 406 

ng m-3 in spring and 15±1 ng m-3 in summer, while the mean value of alcohol-sugars was 3.4±0.4 407 

ng m-3 in spring, and 8.3±0.1 ng m-3 in the summer. The sucrose concentration decreased from 2±3 408 

ng m-3 in spring to 0.4±0.6 ng m-3 in summer. The summer increase of alcohol sugars is due to an 409 

increase of arabitol and mannitol, specific tracers of fungal spores (Bauer et al., 2008). In contrast, 410 

glucose, fructose and sucrose had higher concentrations in the spring season because they derive 411 

from plant, pollen and these species indicating the development of leaves (Fu et al., 2012; 412 

Pashynska et al., 2002). In our previous discussion (Section 3.3) we demonstrated that these species 413 

could have caused a biomass burning input, which was found to be higher in the spring season.  414 

Thirteen free L- and D-amino acids (L-Ala, D-Ala, L-Arg, L-Asp, Gly, L-Glu, L-Leu/Ile, L-Orn, L-415 

Phe, L-Pro, L-Thr, L-Tyr, L-Val) were found in the MRG samples (Figure 3) with a total mean 416 

concentration of 6±5 ng m-3 in spring and 7±2 ng m-3 in summer 2018. This study is the first 417 

measurement of free amino acids in aerosol samples collected at a high altitude station. These 418 

concentrations are higher than the mean concentrations found in PM10 (0.23 ng m-3) in the Arctic 419 

(Feltracco et al., 2019; Scalabrin et al., 2012) or in Antarctica, where a mean value of 1.51 ng m-3 420 

was detected at the Italian coastal station and 0.1 ng m-3 over the Antarctic plateau (Barbaro et al., 421 

2015b). But, these alpine concentrations at MRG were lower than rural (18.7 ng m-3, Brazil (Mace 422 

et al., 2003)) and urban total concentrations in PM10, such as in Rome (272 ng m-3, Di Filippo et al., 423 

2014) or in Belgrade (72.9 ng m-3, Zangrando et al., 2016a).  424 

The most abundant free amino acid found at MRG was glycine (31% of the sum of all found amino 425 

acids in spring, and 38% in summer), probably due to its stability (McGregor and Anastasio, 2001) 426 

and because it is generally considered an indicator of long-lived aerosol (Matsumoto and Uematsu, 427 

2005). The other amino acids with a high percentage abundance were L-Glu (20% in spring and 428 
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25% in summer) and L-Arg (14% and 8% in spring and summer, respectively) while the other 429 

species were below 10% in both seasons. Several sources can affect the composition and the 430 

concentration of free amino acids in the atmosphere. These compounds can be found in particles 431 

emitted by plants, pollen and algae or fungi and bacteria spores (Milne and Zika, 1993), but they 432 

can be produced from anthropogenic sources, such as tobacco smoke, incinerators, water collection 433 

centers and sewage treatment plants(Matos et al., 2016).  434 

The presence of D-enantiomers may suggest bacterial sources (Wedyan and Preston, 2008) and the 435 

D/L ratio can be used as an indicator of microbial degradation. Marine aerosols are characterized by 436 

low D/L-Ala ratios (0.06-0.16, 0.04-0.07) (Kuznetsova et al., 2005; Wedyan and Preston, 2008), 437 

while a value of 0.6 was found in the Seoul urban area (Yan et al., 2015). The influence of biomass 438 

burning input can increase the value of the D/L-Ala. A ratio of 0.88 was found in Belgrade in open 439 

fire samples (Zangrando et al., 2016) and values ranged between 0.12 and 1 in samples from Venice 440 

when the biomass burning input was being investigated (Barbaro et al., 2019). The influences of 441 

combustion input, as previously demonstrated with the specific biomass burning tracers, is also 442 

confirmed by the D/L-Ala ratios because they ranged from between 0.7 to 1.7 in spring when higher 443 

concentrations of levoglucosan was found. During the summer, the values decreased with ratios that 444 

varied between 0.4 and 0.6, confirming a reduction in biomass burning inputs.  445 

4. Conclusions and future prospective 446 

The results of this preliminary study suggest that Col Margherita Atmospheric Observatory with an 447 

elevation of 2543 m a.s.l. can became a high altitude background site for investigating atmospheric 448 

aerosol. Currently, chemical analysis allows us to explain 34±15% and 59±10% of the total mass 449 

concentration of aerosol, and ionic species represented the most abundant species. The main 450 

compound, sulfate, was present in both seasons and had an anthropogenic source of oxidation of 451 

SO2. Oxidative processes were also the sources of nitrate, another abundant species. Photochemical 452 

transformations were investigated in this study using carboxylic acids and two photo-oxidation 453 

products of α-pinene. The biomass burning input was evaluated using specific tracers such as 454 

levoglucosan and its isomers, while phenolic compounds were used to identify softwood as the 455 

main biomass combustion fuel. Finally, the biogenic contribution was investigated using sugars and 456 

free amino acids. The summer season showed an increase in fungal spores, as suggested by specific 457 

tracers (i.e. arabitol and mannitol), while the aerosol composition in the spring season was enriched 458 

with some sugars, such as glucose, fructose and sucrose, due to the development of leaves.  459 
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This study represents a pilot study, carried out in a remote area of the Eastern Italian Alps. 460 

Investigating water soluble compounds, much information was obtained on sources and 461 

atmospheric processes. Future investigations will be conducted to obtain temporal trends of these 462 

chemical markers and the temporal resolution of sampling would be improved using high a volume 463 

sampler, although a sequential filter changing system is necessary due to the remoteness of the 464 

station. Finally, the particle size distribution should be evaluated to improve our understanding of 465 

the sources and transport processes of aerosol to this location.  466 

467 
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 698 

 699 

Figure 1. Percentage contribution of each species to the total mass concentration of aerosol collected at Col Margherita 700 

Atmospheric Observatory during the spring and the summer of 2018.  701 

 702 

 703 

Figure 2. Mean concentrations of ionic species in the aerosol samples collected at Col Margherita Atmospheric 704 

Observatory during the spring and the summer of 2018. 705 
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 706 

Figure 3. Mean concentrations of free amino acids, monosaccharides, alcohol-sugars and sucrose in the aerosol samples 707 

collected at Col Margherita Atmospheric Observatory during the spring and the summer of 2018.  708 

 709 
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Table 1. Comparison of ion concentrations (µg m-3) in aerosol samples collected at high altitude (height above sea >1500 m) monitoring stations in Europe with values found in 

the PM10 aerosol samples collected at Col Margherita Atmospheric Observatory during the spring and the summer of 2018. The ion concentrations for Amberd (Armenia), Pic du 

Midi (France), Sniwzka (Poland), Chopok (Slovakia) stations are related to PM10 aerosol samples collected during spring and summer 2016. The mean concentrations were 

calculated by average opf values extracted by ebas.nilu.no using the same sampling period as at Col Margherita . The concentration of Jungfraujoch (Switzerland) are related to 

PM10 samples collected during spring and summer 2000-2011, which data are extracted by actris.nilu.no  (Cozic et al., 2008).  

state Italy Armenia France Poland Slovakia Switzerland 

code   AM0001R FR0019R PL0003R SK0002R CH0001G 

station name Col Margherita Amberd Pic du Midi Sniwzka Chopok Jungfraujoch 

coordinates 46°22'0"N  11°47'31"E 40°23'04"N 044°15'38"E 42°56'12''N 000°08'31''E 50°44'00''N 015°44'00''E 48°56'00''N 019°35'00''E 46°32'51"N 007°59'06"E 

altitude (m) 2543 2080 2877 1630 2008 3578 

 spring summer spring summer spring summer spring summer spring summer spring summer 

NH4
+ 0.14 0.28 0.33 0.56 0.16 0.43 0.54 0.67 nd nd 0.11 0.08 

Ca2+ 0.19 0.17 0.29 0.28 0.15 0.40 nd nd nd nd 0.21 0.10 

Cl- 0.01 <MDL 0.17 0.12 0.02 0.01 0.48 0.60 nd nd 0.01 0.10 

Mg2+ 0.02 0.02 0.02 0.06 0.01 0.02 nd nd nd nd 0.01 0.01 

NO3
- 0.29 0.37 0.13 0.22 0.11 0.31 0.42 0.52 0.23 0.12 0.07 0.08 

K+ 0.02 0.02 0.07 0.14 0.01 0.05 nd nd nd nd 0.01 0.01 

Na+ 0.02 0.09 0.03 0.10 0.04 0.11 nd nd nd nd 0.04 0.05 

SO4
2- 1.73 2.42 0.28 0.73 0.45 1.20 0.93 0.94 0.19 0.23 0.17 0.14 

MSA 0.004 0.007 nd nd nd nd nd nd nd nd nd nd 

             

Reference 

  

this paper 

  

(Hjellbrekke, 2018) data obtained by ebas.nilu.no 

  

(Cozic et al., 2008) 

data obtained by 

actris.nilu.no 

nd: not detected; MDL: method detection limit 
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Table 2. Correlation coefficients for dicarboxylic acids (C2-C6), pinonic acid and pinic acid. P-values below the conventional value of 0.05 are marked in bold.  

 C2-acetic C2-glycolic C2-oxalic C3-malonic C4-succinic cis-C4-maleic trans-C4-fumaric hC4-malic C5-glutaric C6-adipic Pinic 

C2-glycolic -0.86           

C2-oxalic -0.18 0.57          

C3-malonic -0.59 0.80 0.84         

C4-succinic -0.31 0.73 0.89 0.74        

cis-C4-maleic -0.85 0.95 0.64 0.82 0.72       

trans-C4-fumaric 0.72 -0.85 -0.76 -0.93 -0.68 -0.94      

hC4-malic -0.55 0.82 0.82 0.76 0.88 0.90 -0.87     

C5-glutaric -0.37 0.58 0.43 0.61 0.42 0.45 -0.57 0.41    

C6-adipic -0.83 0.91 0.66 0.87 0.66 0.98 -0.98 0.87 0.53   

Pinic -0.34 0.48 0.83 0.82 0.58 0.67 -0.84 0.73 0.23 0.74  

Pinonic -0.09 -0.27 -0.88 -0.62 -0.66 -0.40 0.61 -0.67 -0.45 -0.47 -0.77 
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