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g Laboratorio de Oceanografía Química (LOQ), Universidad de Concepción, Concepción, Chile

A R T I C L E  I N F O

Keywords:
PAHs
Snow
Long-range atmospheric transport
HYSPLIT
Antarctic peninsula

A B S T R A C T

This study investigates the occurrence, composition and potential sources of polycyclic aromatic hydrocarbons 
(PAHs) in snow and firn along a longitudinal transect from the Central Andes of Chile to the Antarctic Peninsula. 
Nineteen PAHs were quantified in 42 samples collected across five zones spanning high-elevation Andean 
catchments, snow- and ice-capped volcanoes and coastal Antarctic sites. Total PAH concentrations (Σ19PAHs) 
show a clear along-transect gradient, with the highest mean values in the central-Andes zones and markedly 
lower concentrations in the Chilean Lake District and the Antarctic Peninsula. In all zones, the PAH mixture was 
dominated by low-molecular-weight (LMW) compounds (2–3 rings), indicating the prevalence of more volatile 
species consistent with medium-to long-range atmospheric transport. Diagnostic ratios (LMW/HMW, Ant/(Ant 
+ Phe), Fla/(Fla + Pyr) of particle PAHs suggest predominantly petrogenic signatures across most zones, 
although these indicators are interpreted cautiously given their known limitations in remote snow and firn. 
Multivariate analysis of standardized PAH profiles further reveals a primary gradient in contamination intensity 
driven by high-molecular-weight PAHs and a secondary gradient associated with more volatile compounds (2- 
MeN, Flu and Acy), in agreement with the diagnostic ratios. HYSPLIT back-trajectory and trajectory-frequency 
analyses suggest a systematic shift from mixed oceanic–continental air masses in the Central Andes to pre
dominantly maritime advection in Patagonia and Antarctica, which is consistent with the spatial patterns 
observed in ΣPAHs, LMW/HMW ratios and diagnostic source fields, and supports their interpretation in terms of 
changing air-mass origin. Overall, the results highlight the dominant role of long-range transport of petrogenic 
PAHs to remote cryospheric environments of the Southern Hemisphere, modulated by region-specific combustion 
sources along the transect.

1. Introduction

The cryosphere comprises regions of the Earth's surface where water 
persists in solid form, including glaciers, ice sheets, polar ice caps, sea
sonal snow and frozen ground such as permafrost (Barry, 2011). These 
environments are generally distant from urban centres and have limited 
direct human disturbance, which makes them some of the most pristine 

yet ecologically sensitive ecosystems worldwide (Liu et al., 2023; Qin 
et al., 2017). Within this system, the Andes mountain range constitutes 
an extensive high-elevation cryospheric region in South America, host
ing a large diversity of glaciers from arid high-altitude ice bodies in the 
north to temperate ice fields in the humid south and containing the 
largest concentration of glacial ice in the Southern Hemisphere outside 
Antarctica (Davies et al., 2023). Antarctica represents the major 
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component of the global cryosphere, with almost its entire surface 
blanketed by ice and snow and a smaller area of exposed rock and un
consolidated deposits that record a complex geological, geomorpho
logical and glaciological history (Cox et al., 2023; González et al., 2020). 
Against this background, snow and firn along the Andean–Antarctic 
transect provide an opportunity to use polycyclic aromatic hydrocar
bons (PAHs) as tracers of atmospheric deposition and long-range 
transport, linking cryospheric archives to emission patterns and 
air-mass history (Strugnell et al., 2022).

High-latitude and high-altitude cryospheric regions function as 
environmental archives that capture and preserve contaminant deposi
tion over time (Abakumov et al., 2021; Tin et al., 2009). Although often 
considered pristine, they are increasingly influenced by long-range 
transport of pollutants and by ongoing global environmental change 
(Abakumov et al., 2021; Cordero et al., 2022; Pawlak et al., 2021). 
Cryospheric bodies act as “cold condensers”, efficiently scavenging at
mospheric contaminants, with glaciers being able to retain pollutants for 
centuries and undergoing post-depositional processes such as 
re-volatilisation and vertical migration into deeper layers in response to 
thermal fluctuations and melt events, whereas fresh snow predomi
nantly reflects more recent atmospheric deposition (Pawlak et al., 2021; 
Zhang et al., 2015). Numerous studies have documented anthropogenic 
contamination in cryospheric environments by pollutants such as 
sulphur (Pei et al., 2020), heavy metals (Chu et al., 2019; Puasa et al., 
2021), Persistent Organic Pollutants (POPs) (Bhardwaj et al., 2018), and 
semi-volatile organic compounds (SVOCs). Owing to their low vapour 
pressure, SVOCs partition between the gas phase and condensed phases, 
becoming associated with airborne particles, settled dust and environ
mental surfaces (Cao et al., 2023; Wang et al., 2023; Wilson et al., 2021; 
Wu et al., 2022).

In this context, polycyclic aromatic hydrocarbons (PAHs) form a 
particularly informative class of SVOCs: they are composed of fused 
aromatic rings and are primarily generated during the incomplete 
combustion of organic matter (Wei et al., 2024; Wu et al., 2023a,b). 
Their phase partitioning, cold-condensation behaviour and efficient 
scavenging by snow and firn allow cryospheric archives to record both 
regional emission patterns and long-range transport signals, and PAHs 
have been widely detected in air, water, soil and biota across remote and 
urban regions (Bargagli and Rota, 2024; Bhardwaj et al., 2018).

The presence of PAHs in remote regions reflects a complex interplay 
between local and long-range atmospheric transport processes, with 
contributions from nearby human activities (e.g., research stations and 
tourism), distant industrial and urban emissions, maritime operations 
and, in some cases, natural sources such as volcanic eruptions (Wu et al., 
2023a,b). Their accumulation in polar and high-altitude environments is 
favoured by low temperatures and reduced solar radiation, which in
crease their environmental residence times and persistence compared 
with lower-latitude regions (Kukučka et al., 2010).

Additional mechanisms contributing to the dispersion of pollutants 
in polar environments include long-range atmospheric transport 
(LRAT), oceanic currents and riverine pathways (Xie et al., 2022; Xie 
and Kallenborn, 2023). These processes play a key role in delivering 
contaminants to remote regions, where both local and distant sources 
can be relevant (Gebru et al., 2024; Wania and Mackay, 1995).

The aim of this study is to determine the presence, distribution and 
potential sources of PAHs along a longitudinal transect from the Central 
Andes to Antarctica, based on site-integrated snow and firn records. By 
analysing PAH concentrations in snow samples collected along Andean 
and Antarctic transects and interpreting them in conjunction with air- 
mass back-trajectory modelling, this study aims to resolve PAH levels, 
spatial patterns and source signatures in high-altitude and polar snow, 
thereby clarifying how long-range atmospheric transport contributes to 
PAH deposition in remote cryospheric environments.

2. Materials and methods

Snow samples were collected between 2015 and 2024 during several 
field campaigns conducted along a latitudinal transect extending from 
the Central Andes of Chile to the Antarctic Peninsula. In total, 42 sam
ples were obtained from five zones (labelled A to E), including 36 surface 
snow samples and 6 firn core samples, to characterise the spatial vari
ability of PAHs across cold environments of the Southern Hemisphere. 
The study zones were selected primarily based on logistical feasibility 
and site accessibility. Firn cores were homogenised and analysed as bulk 
samples to obtain sufficient volume for reliable PAH determination at 
trace levels and to ensure representative concentrations and were 
therefore used to characterise site-integrated PAH levels at each site 
rather than sub-annual temporal variability. Because samples within a 
given zone were not always collected in the same year, the dataset 
should be regarded as primarily spatial rather than temporal, and tem
poral variability can only be considered qualitatively in the present 
analysis.

Fig. 1 shows the sampling locations grouped into the five zones from 
north to south. Although 42 samples were analysed, fewer symbols are 
displayed on the map because several sites included replicate samples (e. 
g., A-LK-1, A-LK-2, A-LK-3) collected at the same point. Table SI1
summarises sampling design, including each zone, sample ID, sample 
type, sampling date and geographic coordinates and location.

2.1. Surface snow sampling

Most samples corresponded to surface snow (n = 36), representing 
recent atmospheric deposition. Surface snow was collected across all 
study zones – from high-elevation Andean catchments to polar envi
ronments following using pre-cleaned sampling tools and containers to 
minimise contamination. Sampling was conducted between January 
2015 and September 2024 using a metal shovel to collect the upper 
0–10 cm of snow. The material was transferred into 2 L glass jars and/or 
2 L Whirl-Pak® bags (24 × 38 cm), with all containers pre-cleaned with 
acetone. Immediately after collection, samples were kept in the dark to 
prevent exposure to sunlight and stored at − 20 ◦C until transport to the 
Laboratory at the Universidad Austral de Chile in the city of Valdivia 
(39◦S).

2.2. Firn core sampling

Six firn core samples (n = 6) were retrieved from glacierised sites 
with suitable snow accumulation conditions at Juncal Sur (Central 
chilean Andes), Louis Philippe and O'Higgins glaciers (Antarctic 
Peninsula). Firn cores were collected between 2015 and 2022 using a 
5.7 cm diameter electric drill (Icedrill.ch AG) following established 
protocols (Hoffmann-Abdi et al., 2023). Immediately after extraction, 
each core was measured, weighed and sealed in plastic bags, then stored 
in insulated containers to maintain low temperature. The cores were 
transported by helicopter and kept at − 20 ◦C until arrival in Punta 
Arenas, Chile. From Punta Arenas, they were airlifted to Universidad 
Andrés Bello (Viña del Mar campus) and stored at − 20 ◦C in a dedicated 
cold-storage facility until analysis (Fernandoy et al., 2018; Hoffman
n-Abdi et al., 2023).

For PAH analysis, firn cores were homogenised and analysed as bulk 
samples to obtain sufficient volume for reliable GC–MS/MS determina
tion at trace levels and to provide site-integrated PAH concentrations 
rather than high-resolution temporal profiles.

2.3. Sample processing and PAH extraction

The analytical workflow applied to all snow samples is summarised 
here. Upon arrival at the laboratory, samples were kept in the dark and 
allowed to melt at room temperature. The meltwater was then vacuum- 
filtered using a filtration unit equipped with pre-combusted glass fibre 
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Fig. 1. Geographic location of the sampling transects from the Central Andes to the Antarctic Peninsula, including the sampling sites within each alphabetically 
designated zone (A to E). Note that the figure shows sampling sites rather than the total number of samples, as some locations include replicated samples (e.g., A-LK-1, A-LK-2, 
A-LK-3).
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filters (e.g., GF/F), so that the particulate-associated PAH fraction was 
operationally retained on the filters, while the dissolved phase in the 
filtrate was not analysed. The volume of meltwater obtained from in
dividual samples typically ranged between approximately 0.5 and 2 L. 
Concentrations are therefore reported in ng L− 1, normalised to the 
volume of melted snow, and represent particle-associated PAH burdens 
per unit volume of snow rather than total (particle + dissolved) PAH 
concentrations. The filters were subsequently extracted by microwave- 
assisted extraction (MAE), performing two extraction cycles with 20 
mL of an acetone: n-hexane mixture (1:4, v/v), each run lasting 30 min. 
The combined extracts were concentrated to near dryness using a 
SuperVap evaporation system, transferred to pre-cleaned vials and 
reconstituted in 500 μL of isooctane. Final extracts were then prepared 
for analysis by gas chromatography coupled to tandem mass spectrom
etry (GC–MS/MS).

2.4. Sample analyses

PAHs were analysed using a TRACE™ 1300 gas chromatograph 
coupled to a TSQ 9000 triple-quadrupole mass spectrometer (Thermo 
Scientific), equipped with a TriPlus RSH autosampler operating in 
splitless injection mode. Electron ionisation was performed at 70 eV. 
Chromatographic separation was achieved on a TraceGOLD™ TG-PAH 
capillary column (30 m × 0.25 mm i. d. × 0.10 μm film thickness), 
specifically optimised for PAH determination. The GC oven temperature 
programme was as follows: initial hold at 60 ◦C for 4 min, ramp to 
300 ◦C at 10 ◦C min− 1, followed by a final hold at 300 ◦C for 2 min. 
Helium was used as the carrier gas at a constant flow of 1.8 mL min− 1. 
The injector temperature was set to 290 ◦C and the transfer line to 
300 ◦C. Mass spectrometric detection was carried out in selected-ion 
monitoring (SIM) mode, acquiring characteristic fragment ions for 
each target PAH for quantification. The collision energies (CE), retention 
times (RT) and product mass for each compound are provided in 
Table SI2.

2.5. PAHs quantification and method validation

A total of 19 PAHs were quantified: Naphthalene (Nap), 2-Methyl
naphthalen (2-MeN), Acenaphthylene (Acy), Acenaphthene (Ace), Flu
orene (Flu), Phenanthrene (Phe), Anthracene (Ant), Fluoranthene (Fla), 
Pyrene (Pyr), Benzo[c]Fluorene (B[c]F), Benz[a]Anthracene (B[a]A), 
Chrysene (Chr), Benzo[b]Fluoranthene (B[b]F), Benzo[k]Fluroanthene 
(B[k]F), Benzo[j]Fluroanthene (B[j]F), Benzo[e]Pyrene (B[e]P), Benzo 
[a]Pyrene (B[a]P), Indeno[1,2,3-c,d]Pyrene (IcdP) and Benzo[g,h,i] 
Perylene (BghiP). These compounds were selected to largely overlap 
with the U.S. EPA priority PAHs while including additional alkylated 
and high-molecular-weight congeners frequently used in atmospheric 
and cryospheric studies. This combination spans a broad range of mo
lecular weights and volatilities, which is advantageous for investigating 
long-range atmospheric transport, deposition processes and source sig
natures in remote snowpacks.

Quantification and compound identification were based on multi- 
point calibration curves prepared from certified PAH standard mix
tures supplied by Wellington Laboratories™, including internal (L429- 
IS), surrogate (L429-SS), recovery (L429-RS) and alternate (L429-AS) 
calibration and quality-control standards. Surrogate standards (L429- 
SS) were added to all samples immediately before the clean-up step on 
the silica gel/sodium sulphate/glass fibre column, by spiking the ex
tracts prior to column chromatography, to monitor method perfor
mance, and their recoveries typically fell within 51–109%, confirming 
that the method performance was suitable for trace-level PAH deter
mination in snow and firn. Uncorrected concentrations are reported, 
and, within this range, the lower recoveries mainly affect the most 
volatile PAHs, for which the reported values should be regarded as 
conservative.

A total of 44 samples were processed, including 42 environmental 

snow and firn samples and 2 field blanks collected during one of the field 
campaigns. The field blanks consisted of pre-cleaned sampling con
tainers that were exposed and handled in the field like real samples, then 
filled with ultrapure water and analysed using the same protocol as 
environmental samples. PAH levels in these field blanks were below the 
detection limits and much lower than in environmental samples, indi
cating negligible contamination from sampling and transport. No sepa
rate procedural laboratory blanks were prepared; instead, method 
performance and background levels were evaluated using field blanks, 
calibration and quality-control standards, and preliminary method- 
validation tests used to establish instrumental detection limits and 
calibration behaviour for each PAH. Multi-level calibration curves, 
constructed from certified PAH standard mixtures and compound- 
specific relative response factors (RRFs), were linear over the working 
range (R2 > 0.99 for all compounds). Instrumental limits of detection 
were then converted to sample-based LODs (ng L− 1) by considering the 
injection volume, extraction volume and filtered snow volume used in 
the method, yielding LODs between 0.1 and 0.5 ng L− 1 (Table SI3). 
Because blank levels were below the detection limits, no blank correc
tion was applied, and the reported concentrations correspond to un
corrected values. For each sample, the mass of each PAH determined in 
the filter extract was normalised by the volume of melted snow filtered, 
yielding concentrations expressed per liter of melted snow (ng L− 1). 
Therefore, the reported concentrations represent particle-associated 
PAHs on a volumetric basis, rather than total (particulate + dissolved) 
PAH concentrations in snow.

2.6. Diagnostic ratios for PAH source interpretation

In this study, PAHs were classified as low molecular weight (LMW), 
including compounds with 2–3 aromatic rings, and high molecular 
weight (HMW), including compounds with 4 or more aromatic rings.

Diagnostic ratios were used to support the interpretation of potential 
PAH sources and combustion processes influencing deposition across the 
study region. Three widely applied ratio sets were selected based on data 
availability and their documented use in cold and remote environments: 
(i) LMW/HMW versus ΣPAHs, (ii) Phe/Ant versus Fla/Pyr, and (iii) Ant/ 
(Ant + Phe) versus Fla/(Fla + Pyr), which are commonly employed to 
distinguish petrogenic from pyrogenic signatures (Bhardwaj et al., 2018; 
Chen et al., 2018a; Han et al., 2023). In addition, some diagnostic plots 
were displayed on log–log scales (e.g. LMW/HMW versus ΣPAHs in 
Fig. 3 and Phe/Ant versus Fla/Pyr in Fig. SI1) to accommodate the wide 
dynamic range of the data and to better discriminate patterns at low 
ratio values.

These ratios were chosen following recommendations from reviews 
that critically assess the performance and limitations of PAH diagnostic 
indicators in atmospheric and cryospheric settings (Keyte et al., 2013a; 
Tobiszewski and Namieśnik, 2012; Yunker et al., 2002). Ratios were 
calculated only when all compounds involved were above method 
detection limits to minimise bias. Interpretations were made cautiously, 
considering contemporary guidance on the effects of long-range trans
port and the differential stability of PAHs under cold conditions (Keyte 
et al., 2013a; Tobiszewski and Namieśnik, 2012; Yunker et al., 2002).

2.7. Atmospheric transporting modelling using HYSPLIT

Backward air-mass trajectories were generated with the Hybrid 
Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model 
developed by NOAA's Air Resources Laboratory (ARL) (Stein et al., 
2015). Trajectories were computed for representative sites within each 
sampling zone using Global Data Assimilation System (GDAS) 1◦ × 1◦

meteorological fields, with arrival heights set at 500 m above ground 
level to characterise boundary-layer and lower-tropospheric transport 
towards the snow surface.

We used 72-h back trajectories with an arrival height of 500 m as a 
compromise between capturing the recent transport history and 
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maintaining acceptable trajectory reliability in the mid-latitude and 
high-latitude circulation regimes considered here, consistent with pre
vious PAH deposition studies using HYSPLIT (Fang et al., 2018). Longer 
trajectories (e.g. 96 h) and multi-height trajectory ensembles were not 
implemented in this study to keep the analysis tractable and focused on 
providing a qualitative transport context for the observed PAH gradi
ents, but they represent a valuable extension for future work.

For each zone, 72 h backward trajectories were calculated at 6 h 
intervals over the sampling period. Trajectories were used solely to 
assess air-mass origin and transport pathways and to evaluate the po
tential atmospheric transport of contaminants from lower-latitude 
source regions towards the study sites, in line with previous applica
tions of trajectory analysis in polar environments (Dickhut et al., 2005; 
Gambaro et al., 2005; Kallenborn et al., 1998). Trajectory calculation 
and visualisation were carried out using the NOAA HYSPLIT web 
interface.

2.8. Statistical analyses

Principal component analysis (PCA) was applied as an exploratory 
tool to summarize multivariate patterns in PAH concentrations 
measured in snow samples, reducing the dimensionality of the dataset 
while retaining most of its variability; the full description and biplot are 
provided in the Supplementary Material (Fig. SI3), while the main text 
focuses on a concise description of the dominant gradients represented 
by the first two principal components. Prior to analysis, concentrations 
of the nineteen selected PAHs were standardized using Z-scores, so that 
all variables contributed on a comparable scale, effectively performing 
the PCA on the correlation matrix. Missing values (mainly associated 
with concentrations < LOD) were imputed using the mean of each 
compound to obtain a complete samples-by-compounds matrix suitable 
for multivariate analysis. The PCA was conducted in Python (version 
3.11.6) using the scikit-learn library (PCA function from the sklearn 
decomposition module), and the results were visualized as biplots 
showing simultaneously the sample scores and the contributions (load
ings) of each PAH to the principal components (see Fig. SI3).

3. Results and discussion

3.1. Overview of PAH concentrations along the transect

Along the longitudinal transect considered in this study, the distri
bution of PAH concentrations in snow and firn is summarised in Table 1. 
For each of the five sampling zones (A–E), the table reports the number 
of samples, as well as the mean, minimum, maximum and standard 
deviation of ΣPAHs, together with the contributions of low- (ΣLMW) and 
high-molecular-weight (ΣHMW) compounds, providing a first-order 
view of latitudinal concentration patterns and potential signatures of 
large-scale atmospheric transport (Abramova et al., 2016). These con
centrations refer to PAHs associated with the particulate fraction 
retained on the filters; dissolved PAHs in the meltwater were not 
quantified. Consequently, the values reported here represent 
particulate-bound PAHs expressed in ng L− 1 of meltwater and may un
derestimate the total (particulate + dissolved) PAH burden, particularly 
for the more water-soluble LMW compounds, although the relative 

spatial patterns discussed along the transect are not affected.
According to Table 1, mean Σ19PAH concentrations show a clear 

gradient along the transect. Zone B exhibits the highest average levels 
(1642 ± 519 ng L− 1), followed by zone A (653 ± 180 ng L− 1), whereas 
zones C (295 ± 95 ng L− 1), D (213 ± 36 ng L− 1) and E (260 ± 50 ng L− 1) 
display much lower mean values. LMW PAHs clearly dominate over 
HMW species in all zones, supporting the idea of a substantial contri
bution from more volatile and readily transported compounds, partic
ularly at the most remote sites. (Keyte et al., 2013b; Yunker et al., 2002).

Conversely, HMW PAHs were relatively more enriched in zones B 
and D, which may reflect a stronger influence of nearby emission sources 
and/or deposition conditions that favour the retention of less volatile, 
particle-bound compounds (Keyte et al., 2013a).

Table SI4 reports mean concentrations and standard deviations of 
individual PAHs in the different zones. Overall, the zonal profiles indi
cate that LMW PAHs (2–3 rings), mainly Nap, 2-MeN, Ace and Phe, 
dominate the mixture, whereas HMW PAHs (4–6 rings) contribute only 
about 5-33% of 

∑
PAHs across the zones. This pattern is consistent with 

a scenario controlled by medium-to long-range atmospheric transport, 
in which the more volatile and semi-volatile compounds are efficiently 
redistributed before deposition onto snow and firn, in agreement with 
observations from other remote snow environments such as Ekström Ice 
Shelf and Ny-Ålesund (Lammel, 2015; Vecchiato et al., 2018). The 
ocurrence of this signal across all zones (A–E) suggests that, despite the 
differences in absolute concentrations, the regional PAH burden is 
shaped by a broadly similar combination of sources and transport 
processes.

Zones A and B exhibit particularly high mean concentrations of Nap 
and 2-MeN, together with very large standard deviations, pointing to 
episodic deposition events superimposed on a lower regional back
ground. This behaviour indicates enhanced exposure to air masses that 
have recently interacted with combustion sources (urban, industrial 
and/or traffic-related), so that, in addition to hemispheric-scale trans
port, regional or sub-hemispheric inputs substantially amplify the load 
of light PAHs (Deka et al., 2024; Wang et al., 2015; Wu et al., 2023a,b).

In contrast, zones C, D and E show a pronounced attenuation of mean 
concentrations for all compounds, yet they preserve the same hierar
chical pattern Nap ≈2-MeN > Phe > (Fla, Pyr), which is typical of 
remote settings where atmospheric transport and degradation act as the 
main filters rather than local proximity to emissions (Vilanova et al., 
2001). This behaviour is consistent with an influence of regional and 
continental anthropogenic sources, mainly linked to fossil-fuel com
bustion and other SVOC emissions in urban, industrial and 
traffic-impacted areas of central Chile, as documented for 
southern-hemisphere mountain and urban atmospheres 
(Shunthirasingham et al., 2011). Nevertheless, the large distances be
tween these emission regions and the remote high-altitude and polar 
sites, together with the qualitative nature of the back-trajectory analysis, 
mean that this influence should be regarded as indicative rather than 
quantitatively constrained.

HMW PAHs (BaA, Chr, BbF, BkF, BaP, BghiP, among others) occur at 
low concentration, often close to the analytical detection limit, in line 
with their strong association with particulate matter and limited po
tential for long-range transport to high-latitude or high-altitude regions. 
However, several of these compounds (e.g., BeP and BghiP) display 

Table 1 
Descriptive statistics of 

∑
PAH concentrations and LMW/HMW fractions across zones A–E. All concentrations are expressed as nanograms per liter (ng L− 1) of melted 

snow.

Zones Mean Latitude (◦S) n Mean (ng L− 1) SD(ng L− 1) Min(ng L− 1) Max(ng L− 1)
∑

LMW(ng L− 1)
∑

HMW(ng L− 1)

A 32.94 5 653 180 0.69 1249 2548 715
B 37.18 7 1642 519 0.11 3461 10,286 1209
C 39.81 11 295 95 0.13 919 3068 174
D 62.19 15 213 36 0.13 254 2150 1045
E 63.48 4 260 50 0.16 277 975 64

A. Metzdorff et al.                                                                                                                                                                                                                              Environmental Pollution 401 (2026) 128324 

5 



slightly higher mean concentrations in zones B and D, which may reflect 
deposition conditions that favour the retention of particle-bound ma
terial or a stronger influence of regional sources at these intermediate 
sectors of the transect. This subtle enrichment of HMW PAHs in B and D 
suggests that spatial variations affect not only the magnitude of ΣPAHs 
but also the quality of the PAH mixture, an aspect that is further 
explored using the LMW/HMW ratio and diagnostic source ratios in the 
following section. The overall scarcity of HMW PAHs is consistent with 
studies showing that these compounds are predominantly removed by 
gravitational deposition near their sources and exhibit limited transport 
capacity towards polar and high-altitude environments (Kallenborn, 
2006; Keyte et al., 2013a).

In contrast, LMW- PAHs are more volatile and semi-volatile and 
therefore more prone to long-range atmospheric transport, whereas 
high-molecular-weight PAHs are mainly associated with particles and 
tend to be removed closer to their sources (Birks et al., 2017; Keyte et al., 
2013a). Moreover, many combustion processes emit a substantial pro
portion of low-molecular-weight PAHs (e.g. naphthalene and related 
2–3-ring species), which, combined with their higher mobility, con
tributes to their predominance in remote snow and firn.

Fig. 2 illustrates the fractional contribution of LMW PAHs to 
Σ19PAHs in each zone. LMW PAHs account for between 67 and 95% of 
Σ19PAHs, with particularly high fractions in zones B, C and E (>89%), 
confirming that the overall PAH burden along the transect is dominated 
by 2–3-ring compounds. This behaviour is consistent with observations 
from remote mountain lakes and polar snowpacks, where LMW and 
medium-molecular-weight species typically dominate due to their 
higher volatility and long-range transport potential, whereas HMW 
PAHs contribute only minor fractions to the dissolved and particulate 
phases (Vecchiato et al., 2024; Vilanova et al., 2001).

Zone D stands out by exhibiting the largest relative contribution of 
ΣHMW, close to one third of Σ19PAHs, indicating a comparatively more 
particle-bound and less volatile mixture at this intermediate sector of the 
transect. Such an enrichment of HMW PAHs is agreement with the 
limited long-range transport capacity and more efficient local or 
regional deposition reported for these compounds in remote and polar 
environments. This pattern supports the interpretation that, while long- 
range transport of LMW PAHs controls the regional background, local to 
regional sources and deposition processes modulate the HMW fraction, 
particularly in zone D.

3.2. Diagnostic ratios for PAH source interpretation

In Fig. 3, the log–log plot of LMW/HMW versus ΣPAHs is divided into 
three interpretative bands that summarize how the relative contribution 
of light and heavy PAHs evolves along the transect. The lower band 
(LMW/HMW <1; HMW-dominated) groups samples where high- 
molecular-weight PAHs exceed the light fraction and thus indicate 

predominantly pyrogenic inputs, in line with the diagnostic criterion 
summarised by Tobiszewski and Namieśnik (2012) who proposed 
LMW/HMW <1 for combustion sources and >1 for petrogenic influence. 
The upper band (LMW/HMW >3; LMW-dominated) captures situations 
where light and medium-weight PAHs clearly dominate over HMW 
species; such conditions are consistent with observations from Svalbard 
surface snow and Arctic air, where long-range transport from Eurasia 
leads to a prevalence of 2–3-ring and medium-weight PAHs over strictly 
local HMW emissions. Between these end-members, the intermediate 
band (1 ≤ LMW/HMW ≤3) represents a transition regime in which 
mixed petrogenic–pyrogenic signatures are expected, analogous to the 
gradients in 

∑
LMW/

∑
HMW observed between mine-proximal and 

marine reference sites in Arctic coastal systems affected by coal mining 
(Steenhuisen and Van Den Heuvel-Greve, 2021; Yu et al., 2019).

In Fig. 3, most of the snow samples fall within the LMW-dominated 
band (LMW/HMW >3), whereas only a small subset plots in the 
HMW-dominated region (LMW/HMW <1), with the remaining points 
occupying this intermediate transition zone. This pattern is consistent 
with the widely used diagnostic criterion whereby LMW/HMW <1 is 
taken to indicate predominantly pyrogenic inputs, while LMW/HMW 
>1 reflects petrogenic influence, as summarised by Tobiszewski and 
Namieśnik (2012) and subsequent applications in soils and sediments. 
The LMW-dominated samples include most sites from Zones C–E, which 
also encompass the highest ΣPAHs, suggesting that long-range transport 
of more volatile LMW PAHs and local perturbations linked to fuel 
handling or traffic near glacial and coastal settings are superimposed on 
regional background pollution, consistent with studies in Svalbard and 
other Arctic locations (Vecchiato et al., 2018). By contrast, the samples 
with LMW/HMW <1 occur mainly in Zone D at comparatively moderate 
ΣPAHs, pointing to episodes with a stronger pyrogenic signature that 
resemble the combustion-dominated end-members reported for urban 
and roadside snow in northern Russia and for roadside snowbanks used 
as passive samplers of traffic-related pollutants (Kozhevnikov et al., 
2021; Müller et al., 2022). Similar separation between petrogenic and 
pyrogenic regimes using 

∑
LMW/

∑
HMW has been described in Arctic 

coastal systems affected by coal mining, where mine-proximal sites 
show elevated LMW/HMW relative to more remote marine locations, 
underscoring the sensitivity of this ratio to local point sources in 
otherwise remote regions (Steenhuisen and Van Den Heuvel-Greve, 
2021).

The dominance of LMW-enriched samples in Fig. 3 therefore aligns 
with observations from Svalbard surface snow and Arctic air, where 
LMW and medium-weight PAHs transported from Eurasia outweigh 
strictly local HMW emissions, while the coexistence of a minority of 
HMW-dominated points highlights the episodic impact of combustion 
plumes along the Andean–Antarctic gradient (Drotikova et al., 2020; 
Vecchiato et al., 2024; Yu et al., 2019).

Fig. 2. PAH composition by Zone.
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3.3. Diagnostic ratios Ant/(Ant + Phe) vs Fla/(Fla + Pyr) in snow 
samples

Diagnostic ratios based on selected pairs of PAHs are widely applied 
to infer potential sources and transformation pathways of these com
pounds in environmental matrices. In particular, the ratios Ant/(Ant +
Phe) and Fla/(Fla + Pyr) have been extensively used to distinguish be
tween petrogenic and pyrogenic origins, as well as to assess the relative 
contribution of combustion processes. Snow samples represent a unique 
medium for such analyses, as they act both as temporary reservoirs and 
as integrators of recent atmospheric deposition in cold regions. Although 
PAH diagnostic ratios in snow can provide insights into long-range 
transport patterns, the relative influence of local emission sources, and 
the apparent stability of these compounds under extreme climatic con
ditions, they may also be influenced by post-depositional processes (e.g. 
partial revolatilization, snowmelt and melt–freeze redistribution) and 
should therefore be interpreted as semi-quantitative indicators rather 
than perfectly conserved atmospheric fingerprints (Vecchiato et al., 
2024). In addition, differential degradation and photochemical pro
cessing, particularly affecting the more labile LMW PAHs, can modify 
Ant/(Ant + Phe) and Fla/(Fla + Pyr) during long-range transport and 
residence in the snowpack, potentially driving ratios towards more in
termediate values and partially obscuring the original source signatures. 
This section presents the diagnostic ratio analysis for the studied snow 
samples, highlighting source attribution patterns and their implications 
for contaminant dynamics in polar environments. In our dataset, the 
Ant/(Ant + Phe) (Yunker et al., 2002) and Fla/(Fla + Pyr) (Davis et al., 
2019; Salat et al., 2021) ratios mostly fall within ranges typically asso
ciated with combustion-derived PAHs, indicating a predominantly py
rogenic influence rather than purely petrogenic inputs with 
higher-temperature fossil-fuel combustion signatures more common at 
the central Andean sites and more mixed or aged pyrogenic signatures 
towards the Antarctic locations.

For Ant/(Ant + Phe), diagnostic thresholds follow (Yunker et al., 
2002) with values ≤ 0.10 indicating petrogenic inputs and values > 0.10 
indicating pyrogenic (combustion) signatures. For Fla/(Fla + Pyr), ra
tios <0.40 were taken to indicate petrogenic sources, values between 
0.40 and 0.50 liquid fossil fuel combustion, and values > 0.50 grass/
wood/coal combustion, following commonly applied PAH diagnostic 
thresholds (Davis et al., 2019; Salat et al., 2021).

However, these diagnostic ratios must be interpreted with caution in 
our long-range transport setting. Numerous studies, such as those by 

Katsoyiannis et al. (2007); Tobiszewski and Namieśnik (2012); Yunker 
et al. (2002) have shown that PAH diagnostic ratios can be altered 
during atmospheric transport and environmental degradation. In 
particular, Tobiszewski and Namieśnik (2012) reported that anthracene 
and phenanthrene do not degrade at the same rate in air, which can bias 
the Ant/(Ant + Phe) ratio as air masses age. Similar, although less 
pronounced, effects are likely for fluoranthene and pyrene, and thus for 
Fla/(Fla + Pyr), particularly under prolonged exposure to solar radia
tion during transport. In this study, we therefore apply these ratios as 
qualitative indicators only and interpret them together with the overall 
PAH composition and air-mass trajectories, rather than as precise 
quantitative source apportionment tools.

In Fig. 4, the diagnostic plot of Ant/(Ant + Phe) versus Fla/(Fla +
Pyr) shows that most snow samples cluster within the petrogenic field 
defined by Ant/(Ant + Phe) < 0.10 and Fla/(Fla + Pyr) < 0.40, with a 
smaller number extending into the bands associated with liquid fossil- 
fuel combustion (0.40–0.50 in Fla/(Fla + Pyr)) and grass/wood/coal 
combustion (Fla/(Fla + Pyr) > 0.50). These thresholds follow the 
scheme originally proposed by Chen et al. (2018a,b); Davis et al. (2019); 
Neira et al. (2017) and Yunker et al. (2002) in another type of samples, 
whereby Ant/(Ant + Phe) < 0.10 and low Fla/(Fla + Pyr) values indi
cate petrogenic inputs, intermediate Fla/(Fla + Pyr) (0.40–0.50) reflects 
liquid fuel combustion, and high Fla/(Fla + Pyr) (>0.50) is typically 
associated to biomass and coal combustion; this framework has been 
widely adopted in subsequent studies of river water, sediments and at
mospheric particles (Chen et al., 2018b; Yunker et al., 2002). Within the 
petrogenic band, samples from all zones are present, but Zones C and D 
contribute most of the sampling, suggesting that a regionally consistent 
petroleum-related background—potentially linked to long-range trans
port of volatilised petrogenic PAHs and diffuse fuel use along the 
transect—underlies the snow chemistry (Aslam et al., 2022).

The interaction of each zone with the combustion derived PAH 
profiles provides additional information on local versus regional sour
ces. In Zone A, a subset of samples moves toward the liquid-fuel com
bustion band (Fla/(Fla + Pyr) ≈ 0.4–0.5 while Ant/(Ant + Phe) remains 
<0.1), consistent with emissions from vehicular traffic and other pe
troleum combustion sources, as reported for urban and roadside envi
ronments where these ratios shift from the purely petrogenic field into 
the mixed or liquid-fuel domain (Yunker et al., 2002; Zhang et al., 
2015).

Zones B and C include isolated points in the grass/wood/coal com
bustion band (Fla/(Fla + Pyr) > 0.5, Ant/(Ant + Phe) > 0.10), 

Fig. 3. The ΣPAHs versus Ratio LMW/HMW in Snow Along the different sample zones.
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indicating episodic influence of biomass or coal burning superimposed 
on an otherwise petrogenic background, a behaviour similar to that 
described in high-latitude and coastal systems where residential heating 
or power generation episodes temporarily drive the ratios toward the 
combustion end-members. In contrast, Zone D spans the full range from 
clearly petrogenic to combustion-dominated signatures, with several 
samples plotting above Ant/(Ant + Phe) = 0.10 and into the grass/ 
wood/coal field, pointing to a stronger and more variable pyrogenic 
imprint. This enhanced pyrogenic influence is consistent with the 
presence of local combustion sources on the Antarctic Peninsula, 
particularly vehicular traffic and aircraft operations around the Teniente 
Marsh airstrip on King George Island, superimposed on the regional 
long-range transport background. (see Fig. 4).

Finally, Zone E samples remain largely within or close to the petro
genic field but show modest excursions toward the liquid-fuel combus
tion band, suggesting relatively clean background air masses 
occasionally affected by local or regional fossil-fuel burning, as has been 
observed in other remote cryospheric settings where diagnostic ratios 
reveal subtle deviations from purely petrogenic signatures (Aslam et al., 
2022; Davis et al., 2019).

3.3.1. Zone-specific patterns in ant/(Ant+Phe)–Fla/(Fla+Pyr) ratios
In Fig. 4, the diagnostic plot shows that most samples fall within the 

petrogenic band, with only a limited number of points entering the 
combustion fields, underscoring the overall dominance of petroleum- 
related signatures modulated by episodic combustion inputs. Accord
ing to the widely used scheme of Yunker et al. (2002), Ant/(Ant + Phe) 
< 0.10 combined with Fla/(Fla + Pyr) < 0.40 indicates petrogenic 
sources, whereas Fla/(Fla + Pyr) between 0.40 and 0.50 is typical of 
liquid fossil-fuel combustion and Fla/(Fla + Pyr) > 0.50 with Ant/(Ant 
+ Phe) > 0.10 reflects biomass and coal burning. In this framework, 
Zones A–E contribute 35 samples to the petrogenic field, 2 samples to the 
liquid-fuel combustion band (D:1, E:1) and 5 samples to the grass/
wood/coal combustion band (A:2, B:1, C:2), highlighting that combus
tion signatures are present but remain secondary relative to the 
petrogenic background.

Zone A illustrates a mixed behaviour: three samples lie within the 
petrogenic domain, while two points fall in the biomass/coal combus
tion band, indicating that fuel-derived inputs coexist with episodic 
contributions from combustion of grass, wood or coal (Kozhevnikov 
et al., 2021). This pattern is consistent with studies in cryospheric and 

coastal environments where diagnostic ratios reveal predominantly 
petrogenic PAHs punctuated by events of domestic heating or other 
solid-fuel combustion that shift individual samples into the grass/
wood/coal field (Iriarte et al., 2023).

Zone B is still dominated by petrogenic signatures (five samples in 
the blue band), but the presence of one point in the biomass/coal 
combustion region suggests a possible influence of more strongly py
rogenic plumes. Given that this indication is based solely on diagnostic 
ratios and that no independent evidence (e.g. information on regional 
fires, detailed back-trajectory analysis or additional tracers) is available, 
this potential contribution from biomass or coal combustion should be 
regarded as tentative.

Zone C shows the largest number of petrogenic samples (nine in the 
blue band) together with two points in the biomass/coal combustion 
band, supporting the view that this part of the transect is mainly 
controlled by petroleum-related PAHs with superimposed episodes of 
solid-fuel combustion. Zone D is the most complex: fourteen samples fall 
within the petrogenic range, but one point enters the liquid-fuel com
bustion band, indicating that, in addition to the regional petrogenic 
background, there are localised inputs from combustion of liquid fossil 
fuels, as commonly seen in areas influenced by traffic or fuel handling 
(Thompson et al., 2022; Tobiszewski and Namieśnik, 2012).

Finally, Zone E contributes three petrogenic samples and one in the 
liquid-fuel band, consistent with a relatively clean background where 
petroleum-derived PAHs dominate but intermittent fossil-fuel combus
tion episodes can still be detected in the diagnostic ratios.

An additional diagnostic plot using the alternative ratios Phe/Ant 
versus Fla/Pyr is provided in the Supporting Material (Figure SI1) and 
this log–log representation confirms the zone-specific patterns identified 
in the Ant/(Ant + Phe)–Fla/(Fla + Pyr) space, with samples from Zones 
A–E occupying consistent regions of the diagram and only a few points 
deviating toward more combustion-like signatures in line with previous 
applications of these ratios in aquatic and atmospheric environments.

In this section, we rely primarily on two families of diagnostic ratios: 
the bulk LMW/HMW index, which reflects the balance between more 
volatile, low-molecular-weight PAHs and less volatile high-molecular- 
weight species, and the paired Ant/(Ant + Phe) and Fla/(Fla + Pyr) 
ratios, which are commonly used to distinguish between petrogenic and 
combustion-related sources. While these ratios provide useful first-order 
constraints on PAH mixture characteristics, their interpretation is sub
ject to important uncertainties, particularly under cold and remote 

Fig. 4. Biplot of Ant/(Ant + Phe) versus Fla/(Fla + Pyr) for surface snow and firn samples from Zones A–E. The horizontal dashed line at Ant/(Ant + Phe) = 0.10 
separates petrogenic (≤0.10) from pyrogenic (combustion) signatures. Vertical dashed lines at Fla/(Fla + Pyr) = 0.40 and 0.50 distinguish petrogenic sources (<0.40), liquid 
fossil fuel combustion (0.40–0.50) and grass/wood/coal combustion (>0.50), following commonly applied PAH diagnostic thresholds.
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conditions. Differential degradation, phase partitioning and photo
chemical processing can affect individual compounds within each pair 
or group to different extents, potentially shifting the LMW/HMW bal
ance and moving Ant/(Ant + Phe) and Fla/(Fla + Pyr) values away from 
their original source signatures (Tobiszewski and Namieśnik, 2012; 
Yunker et al., 2002).

These effects are likely to be enhanced during medium-to long-range 
atmospheric transport, where LMW compounds can be preferentially 
transported and HMW species more efficiently removed, and where 
photochemical aging may alter the relative abundance of anthracene 
versus phenanthrene and fluoranthene versus pyrene. As a result, the 
diagnostic fields classically defined for Ant/(Ant + Phe) and Fla/(Fla +
Pyr) should be regarded as qualitative reference domains rather than 
strict, immutable thresholds, especially in polar and high-altitude en
vironments (e.g. Yunker et al., 2002; diagnostic-ratio reviews). In our 
transect, we therefore use LMW/HMW and Ant/(Ant + Phe)–Fla/(Fla +
Pyr) ratios as qualitative indicators to be interpreted jointly with con
centration gradients, mixture composition and air-mass back-
trajectories, and we explicitly acknowledge that they cannot on their 
own provide definitive, quantitative source apportionment.

3.4. Atmospheric transport patterns using HYSPLIT-NOAA

Backward-trajectory and trajectory-frequency analyses were used to 
link the observed gradients in PAH concentrations and diagnostic ratios 
to large-scale and regional air-mass transport along the transect. HYS
PLIT 72-h back trajectories and associated frequency maps were calcu
lated for each sampling day and site, following standard procedures 

widely applied in source–receptor studies of PAHs and other semi- 
volatile pollutants (Kubo et al., 2020; Miura et al., 2019; Szopińska 
et al., 2019). These tools have been extensively used to distinguish be
tween oceanic and continental air masses and to identify periods when 
advection from specific source regions (e.g. East Asia, Europe, South 
America) enhances PAH levels at remote sites (Draxler and Hess, 2014).

Fig. 5 shows the HYSPLIT trajectory-frequency maps, revealing a 
coherent evolution of air-mass origin along the Central Andes–Antarctic 
transect. From the Central Chilean Andes (Zones A–C) to the Patagonian 
and Antarctic sites (Zones D–E), the circulation progressively shifts from 
mixed oceanic–continental flows, with an increasing influence of coastal 
and urban corridors, to predominantly maritime advection in the Ant
arctic sector. This large-scale transition provides a physical framework 
to interpret the along-transect gradients in ΣPAHs, LMW/HMW ratios 
and diagnostic fields, as detailed below for each zone (see Fig. 5). 
Additional information on the synoptic-scale transport patterns is pro
vided in the Supporting Material, where Figure SI2 reports, for each 
zone, the 72-h backward-trajectory clusters derived from the HYSPLIT 
simulations, illustrating the typical pathways of air masses reaching the 
sampling sites and complementing the trajectory-frequency maps.

For Zone A, trajectory frequencies show that air masses during the 
sampling period travelled predominantly over the southeastern Pacific 
Ocean, with only a short final segment over central Chile before 
reaching the Andean site. This pattern is consistent with the predomi
nance of petrogenic signatures and LMW-dominated PAHs in Zone A, 
with only a few samples shifting into the liquid-fuel and grass/wood/ 
coal combustion fields in the Ant/(Ant + Phe)–Fla/(Fla + Pyr) diagram, 
indicating that a regional oceanic background is only weakly modulated 

Fig. 5. Frequency of occurrence of trajectories calculated with the HYSPLIT model over the different study zones during the sampling period.
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by combustion sources along the final continental pathway. In Zone B, 
air masses still originate mainly over the Pacific, but the highest tra
jectory frequencies are aligned with the coastal and central-southern 
corridor of Chile, implying longer residence times over urban and in
dustrial areas. This agrees with the higher ΣPAHs, the presence of a few 
samples in the biomass/coal combustion band, and the stronger vari
ability in diagnostic ratios relative to Zone A (see Figs. 3 and 4) similar to 
patterns reported in studies where trajectories crossing populated re
gions show enhanced pyrogenic fractions (Miura et al., 2019).

The Zone C displays a more complex frequency pattern, with a 
concentrated core over the central–southern coast and several branches 
extending over the southeastern Pacific, indicating alternating influence 
of oceanic and coastal air masses as another study reported by Vecchiato 
et al. (2024). This configuration explains why Zone C contains the 
largest number of petrogenic samples while still exhibiting several 
points in the biomass/coal combustion band and elevated ΣPAHs, 
reflecting a petroleum-dominated background periodically overprinted 
by solid-fuel combustion from southern Chile.

In contrast, Zones D and E, located in the Antarctic sector, are 
characterized by trajectories and peaks in trajectory frequency almost 
entirely confined to the ocean around the Antarctic Peninsula and the 
Scotia Sea, with very limited interaction with densely populated conti
nental regions (Hayakawa et al., 2019; Szopińska et al., 2019). This 
predominance of maritime advection is consistent with their moderate 
ΣPAHs and overwhelmingly petrogenic signatures, with only a few 
samples drifting toward the liquid-fuel combustion band, as also 
observed in Antarctic and sub-Arctic studies where long-range transport 
from mid-latitudes delivers mainly LMW and medium-weight PAHs and 
only a weak imprint from local combustion activities (Drotikova et al., 
2020; Hegg et al., 2010; Ma et al., 2013).

It is important to note that Zone D samples were collected during 
austral summer 2024, whereas Zone E samples correspond to austral 
summers 2015–2016; thus, part of the difference in their HYSPLIT 
trajectory-frequency patterns reflects interannual variability in large- 
scale circulation rather than purely spatial contrasts along the transect 
(Stein et al., 2015).

Overall, the HYSPLIT analysis is used here as a qualitative tool to 
characterise dominant air-mass pathways and to provide physical 
context for the observed PAH gradients, rather than as a fully quanti
tative source–receptor model. A more comprehensive assessment 
combining longer and multi-height back trajectories with fire and 
emission inventories and boundary-layer diagnostics (e.g. MODIS and 
GFED fire products) would be a valuable avenue for future, more 
modelling-intensive studies.

3.5. Global PCA biplot of PAHs

A global principal component analysis (PCA) was performed on the 
standardized concentrations of 20 PAHs measured in all snow samples to 
explore multivariate patterns in the dataset. The first principal compo
nent predominantly reflects the overall ΣPAH gradient and separates a 
small number of higher-load samples from the bulk of relatively low- 
load samples, whereas the second component explains a compara
tively small fraction of the variance and does not reveal additional 
interpretable structure. Overall, the PCA simply confirms that the 
dominant feature of the dataset is a contamination-intensity gradient, 
consistent with the concentration patterns and diagnostic ratios dis
cussed above and is therefore used only as supporting exploratory in
formation; the complete biplot is provided in the Supplementary 
Material (Fig. SI3).

4. Conclusions

Across the Central Andes (Zone A), South-Central Chile (Zone B), 
Chilean Lake District (Zone C) and Antarctic Peninsula transect (Zone D 
and E), snow and firn exhibit a north-south decreasing ΣPAH 

concentrations and a mixture strongly dominated by low-molecular- 
weight compounds, indicating that the regional PAH burden is primar
ily controlled by more volatile species capable of medium-to long-range 
atmospheric transport. This behaviour is consistent with the longer at
mospheric residence times and greater transport potential of LMW-PAHs 
reported by global-scale modelling and review studies (Friedman and 
Selin, 2012). Diagnostic ratios LMW/HMW, Ant/(Ant + Phe) and 
Fla/(Fla + Pyr) place most samples within the petrogenic field, with 
liquid-fuel and grass/wood/coal combustion signatures restricted to a 
minority of cases, suggesting a large-scale petroleum-related back
ground episodically overprinted by regional combustion inputs that vary 
among zones. Similar LMW-dominated and petrogenic-type PAH mix
tures have been reported in Antarctic snow and coastal environments 
influenced by station activities and marine transport (Na et al., 2011).

In the Antarctic Peninsula, this petrogenic-type background is 
consistent with the combined influence of petroleum-derived fuels used 
at research stations, marine transportation emissions and other local 
anthropogenic activities, superimposed on long-range transported PAHs 
(Iriarte et al., 2023; Na et al., 2011; Van Overmeiren et al., 2024).

The global PCA integrates these findings in a first component that 
represents a contamination-intensity gradient: PC1 separates the highly 
contaminated sample from the rest and shows stronger positive loadings 
for high-molecular-weight PAHs (including Fla and other 4–6-ring 
compounds), in agreement with the higher Σ~19~PAHs and 
combustion-type Ant/(Ant + Phe) and Fla/(Fla + Pyr) ratios found at 
those sites. In contrast, PC2 is largely driven by specific low-molecular- 
weight and alkylated PAHs (notably 2-MeN, Flu and Acy), capturing 
secondary variability in the more volatile, petrogenic-leaning fraction of 
the mixture and reflecting changes in volatility-driven transport and 
deposition rather than a distinct combustion source category.

Along the transect, the observed north–south gradients in ΣPAHs and 
diagnostic ratios are consistent with a systematic shift in air-mass origin 
from mixed oceanic–continental influences over the Central Andes to 
predominantly maritime advection in Patagonian and Antarctic sectors, 
as suggested by the HYSPLIT back-trajectory analysis. These HYSPLIT 
trajectories provide qualitative information on likely transport path
ways and air-mass history, rather than quantitative source apportion
ment or deposition efficiencies, and are therefore used here as a physical 
framework to interpret the observed spatial patterns rather than to 
derive explicit source contributions. In this sense, our conclusions about 
source types and long-range transport are intended as qualitative, first- 
order inferences consistent with reported atmospheric residence times 
and PAH transport to remote and polar regions, rather than as the result 
of a full quantitative source-apportionment analysis (Friedman and 
Selin, 2012; Iriarte et al., 2023; Na et al., 2011; Van Overmeiren et al., 
2024).
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Wilson, J., Pöschl, U., Shiraiwa, M., Berkemeier, T., 2021. Non-equilibrium interplay 
between gas–particle partitioning and multiphase chemical reactions of semi-volatile 
compounds: mechanistic insights and practical implications for atmospheric 
modeling of polycyclic aromatic hydrocarbons. Atmos. Chem. Phys. 21, 6175–6198. 
https://doi.org/10.5194/acp-21-6175-2021.

Wu, Q., Cao, S., Chen, Z., Wei, X., Ma, G., Yu, H., 2022. Predictive models of gas/ 
particulate partition coefficients (KP) for polycyclic aromatic hydrocarbons and their 
oxygen/nitrogen derivatives. Molecules 27, 7608. https://doi.org/10.3390/ 
molecules27217608.

Wu, X., Wang, J., Yuan, Z., Wang, S., 2023a. Polycyclic aromatic compounds (PACs) in 
tree barks and tree cores of a national large-scale coal-fired power base of China: 
sources, atmospheric toxicities, and pollution histories. Sci. Total Environ. 879, 
163045. https://doi.org/10.1016/j.scitotenv.2023.163045.

Wu, Z., Lin, T., Sun, H., Li, R., Liu, X., Guo, Z., Ma, X., Yao, Z., 2023b. Polycyclic aromatic 
hydrocarbons in fildes peninsula, maritime Antarctica: effects of human disturbance. 
Environ. Pollut. 318, 120768. https://doi.org/10.1016/j.envpol.2022.120768.

Xie, Z., Kallenborn, R., 2023. Legacy and emerging per- and poly-fluoroalkyl substances 
in polar regions. Curr. Opin. Green Sustainable Chem. 42, 100840. https://doi.org/ 
10.1016/j.cogsc.2023.100840.

Xie, Z., Zhang, P., Wu, Z., Zhang, S., Wei, L., Mi, L., Kuester, A., Gandrass, J., 
Ebinghaus, R., Yang, R., Wang, Z., Mi, W., 2022. Legacy and emerging organic 
contaminants in the polar regions. Sci. Total Environ. 835, 155376. https://doi.org/ 
10.1016/j.scitotenv.2022.155376.

Yu, Y., Katsoyiannis, A., Bohlin-Nizzetto, P., Brorström-Lundén, E., Ma, J., Zhao, Y., 
Wu, Z., Tych, W., Mindham, D., Sverko, E., Barresi, E., Dryfhout-Clark, H., Fellin, P., 
Hung, H., 2019. Polycyclic aromatic hydrocarbons not declining in arctic air despite 
global emission reduction. Environ. Sci. Technol. 53, 2375–2382. https://doi.org/ 
10.1021/acs.est.8b05353.

Yunker, M.B., Macdonald, R.W., Vingarzan, R., Mitchell, R.H., Goyette, D., Sylvestre, S., 
2002. PAHs in the fraser river basin: a critical appraisal of PAH ratios as indicators of 
PAH source and composition. Org. Geochem. 33, 489–515. https://doi.org/ 
10.1016/S0146-6380(02)00002-5.

Zhang, L., Cheng, I., Muir, D., Charland, J.-P., 2015. Scavenging ratios of polycyclic 
aromatic compounds in rain and snow in the athabasca oil sands region. Atmos. 
Chem. Phys. 15, 1421–1434. https://doi.org/10.5194/acp-15-1421-2015.

A. Metzdorff et al.                                                                                                                                                                                                                              Environmental Pollution 401 (2026) 128324 

12 


