Environmental Pollution 340 (2024) 122864

ELSEVIER

Contents lists available at ScienceDirect
Environmental Pollution

journal homepage: www.elsevier.com/locate/envpol

=

ENVIRONMENTAL
POLLUTION

»

Check for

The seasonal change of PAHs in Svalbard surface snow™ | e

Marco Vecchiato "

, Carlo Barbante ™", Elena Barbaro ™", Francois Burgay *,

Warren RL. Cairns ", Alice Callegaro®, David Cappelletti ™, Federico Dallo *",

Marianna D’Amico *°, Matteo Feltracco ?, Jean-Charles Gallet ¢, Andrea Gambaro
, Mauro Mazzola ", Ivan Sartorato >, Federico Scoto *%,

Catherine Larose |, Niccoldo Maffezzoli "

Clara Turetta ®", Massimiliano Varde *°, Zhiyong Xie " Andrea Spolaor

a,b
b

a,b

@ Department of Environmental Sciences, Informatics and Statistics (DAIS), Ca’ Foscari University of Venice, Via Torino 155, 30172, Venezia-Mestre, Venice, Italy
b Institute of Polar Sciences - National Research Council (ISP-CNR), Via Torino 155, 30172, Venezia-Mestre, Venice, Italy
¢ Laboratory of Environmental Chemistry (LUC), Paul Scherrer Institut (PSI), 5232, Villigen, Switzerland

4 Department of Chemistry, Biology and Biotechnology, University of Perugia, 06123, Perugia, Italy

€ Norwegian Polar Institute, 9296, Tromsg, Norway

f Univ Lyon, CNRS, INSA Lyon, Université Claude Bernard Lyon 1, Ecole Centrale de Lyon, Ampere, UMR5005, 69134, Ecully, Cedex, France
8 Institute of Atmospheric Sciences and Climate - National Research Council (ISAC-CNR), Campus Ecotekne, 73100, Lecce, Italy
b Institute of Coastal Environmental Chemistry, Helmholtz-Zentrum Hereon, 21502, Geesthacht, Germany

ARTICLE INFO ABSTRACT

Keywords: The Arctic region is threatened by contamination deriving from both long-range pollution and local human
PAHs activities. Polycyclic Aromatic Hydrocarbons (PAHs) are environmental tracers of emission, transport and
Sno"_" deposition processes. A first campaign has been conducted at Ny-Alesund, Svalbard, from October 2018 to May
s\lri;ti:r 2019, monitoring weekly concentrations of PAHs in Arctic surface snow. The trend of the 16 high priority PAH
Retene compounds showed that long-range inputs occurred mainly in the winter, with concentrations ranging from 0.8

ng L to37 ng L. In contrast to this, the most abundant analyte retene, showed an opposite seasonal trend

with highest values in autumn and late spring (up to 97 ng L™1), while in winter this compound remained below
3 ng L. This is most likely due to local contributions from outcropping coal deposits and stockpiles. Our results
show a general agreement with the atmospheric signal, although significant skews can be attributed to post-
depositional processes, wind erosion, melting episodes and redistribution.

1. Introduction

The Arctic is a remote region marginally affected by the sparse local
and indigenous human presence. Nevertheless, significant environ-
mental changes are taking place, due to anthropogenic activities via
long-range atmospheric transport (LRAT) of contaminants from North
America, Europe, Russia, and Asia (Eneroth et al., 2003; Kosek et al.,
2018; Kozak et al., 2013; Law and Stohl, 2007; Oehme et al., 1996).
Episodes of Arctic haze accompanied by gaseous air pollution have been
observed in winter and spring (Balmer et al., 2019; Stohl et al., 2007),
promoted by atmospheric circulation and low temperatures (Abramova
et al., 2016). Moreover, there are local sources of pollution in the area

* This paper has been recommended for acceptance by Eddy Y. Zeng.

from human settlements (Kallenborn et al., 2017; Vecchiato et al.,
2018), abandoned coal mines (Abramova et al., 2018), vehicular traffic
(Drotikova et al., 2020), local tourism, and maritime activities (Kozak
et al., 2013). Polycyclic aromatic hydrocarbons (PAHs) may derive from
the different categories mentioned above, representing useful tracers of
the environmental processes involved in the emission, transport and
deposition from near and distant sources (Tobiszewski and Namiesnik,
2012).

In this context, as it scavenges PAHs during deposition (Lei and
Wania, 2004), snow is an environmental matrix able to capture the
contamination signal. One of the major knowledge gaps in investigating
PAHs in Arctic snow is seasonality, since most studies are generally
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conducted in spring (Abramova et al., 2016; Vecchiato et al., 2018),
reconstructing conditions during the winter months using snowpits or
cores. However, several post-depositional processes, such as revolatili-
zation, degradation and remobilization by winds (Grannas et al., 2013),
can alter the original chemical fingerprint, potentially losing the reso-
lution of the obtainable information: as an example, the increasing
frequency of winter “rain on snow” (ROS) events, related to climate
changes, have a direct impact on the chemical composition of the
snowpack, by modifying the distribution of solutes (Spolaor et al., 2021)
and PAHs (Koziot et al., 2017).

The regional sources in the Arctic generally influence the snow
composition of PAHs. Total PAH concentrations detected at Summit,
Greenland, typically range from 0.1 ng L™! to 10 ng L™, accounting for
LRAT (Jaffrezo et al., 1994; Masclet et al., 2000). A core retrieved at
Site-J, Greenland, showed a marked increase in PAH concentrations
over the last 400 years, with low values before the 18th century (mean
2.3 ng L) and highest up to 230 ng L™ at the end of the 1980 due to
anthropogenic emissions (Kawamura and Suzuki, 1994). Higher con-
centrations (~30 pg L7!) were found in surface snow from the
Ob-Yenisey river watershed, Russia (Melnikov et al., 2003), while in the
Novaya Zemlya Archipelago, PAH levels remained below 30 ng L~}
(Lebedev et al., 2018).

The town of Ny-Alesund, located in the western part of Spitzbergen
in the Svalbard archipelago, is a major research infrastructure for
studying Arctic environmental changes and processes (Xie et al., 2015).
Previous studies have investigated the presence of PAHs in Svalbard
snow (Koziot et al., 2017) and highlighted the role of long-range
transport (Vehvilainen et al., 2002), as well as the influence of local
human settlements, such as Ny—Alesund (Vecchiato et al., 2018), Long-
yearbyen and Barentsburg (Abramova et al., 2016).

A specific local source of PAHs is represented by coal deposits that
have been exploited since the 19th century (Abramova et al., 2016).
Unburnt coal particles, both from naturally eroded coal seams and dust
emissions from (previous) mining operations, may be found in the soils
near the coal deposits (Achten and Hofmann, 2009). The coals of Sval-
bard were formed from organic material originating predominantly
from conifers, and contain high levels of retene (RET; 1-methyl-7-iso-
propyl phenanthrene) (Cmiel and Fabiariska, 2004). This compound is
also used as a tracer of coniferous wood combustion (Argiriadis et al.,
2020). Previous determinations of RET in Arctic snow and atmospheric
samples generally considered this compound as a pure softwood com-
bustion tracer (Macdonald et al., 2000; Masclet et al., 2000). In Ny-[a\-
lesund the occurrence of coal-derived PAHs was previously detected in
snow, with levels of RET up to 1.8 pg L™}, while the sum of the other
PAHs ranged from 2.6 to 299 ng L1 (Vecchiato et al., 2018). In the same
area the influence of coal was also detected in soil (Na et al., 2021), lake
and marine sediments (Kim et al., 2011; Pouch et al., 2017). Concen-
trations of the sum of PAHs (not including RET) were found ranging at
803-6244 ng g’1 (at 5% TOC) in terrestrial sediments collected close to
the coal mine of Ny-Alesund, but with lower levels at increasing dis-
tances from the mine (Steenhuisen and van den Heuvel-Greve, 2021).

The present study represents the first yearly monitoring campaign of
PAHs in Arctic surface snow carried out in Ny-Alesund, Svalbard Ar-
chipelago, from early autumn 2018 to the spring melt period in 2019 at a
weekly temporal resolution, therefore including winter months. While
comparable seasonal information is available for aerosol samples
collected at the nearby Zeppelin observatory (ebas.nilu.no), giving a
detailed description of the yearly behavior of PAHs in the atmosphere,
contemporary records of their distribution in the snow are not available.
In this work we aim to better elucidate the sources and processes that
control PAH concentrations in snow, in terms of both long-range and
local scales. Therefore, this work aims to identify:

- how the atmospheric PAH signal is actually recorded in the snow
deposition;
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- how post-depositional processes and local conditions may affect this
record.

The final goal is to fill a knowledge gap between information from
atmospheric studies and the data retrievable from snow-pits and cores to
support the reconstruction of environmental and paleoclimatic trends of
organic compounds archived in the cryosphere.

2. Materials and methods
2.1. Characteristics of the sampling site

Surface snow samples were collected close to the Gruvebadet Aerosol
Laboratory (78.91622°N 11.89536°E, Ny-Alesund, Svalbard Archipel-
ago) into stainless-steel containers pre-cleaned with pesticide-grade
acetone and n-hexane. Four snow poles were fixed to the ground at
the beginning of the season to delimit the sampling snow field, where to
regularly measure the snow height and its accumulation rate. Sampling
was performed down to a depth of 20 cm from the snow surface, during
the period going from 4™ October 2018 to 13" May 2019. Overall 35
samples were collected, with an approximately weekly resolution. The
sampling site was located in a restricted areas not directly affected by
local emissions from the activities in the town of Ny-Alesund (Feltracco
et al., 2021).

2.2. Sample preparation and analysis

Samples were collected into stainless-steel containers pre-cleaned
with pesticide-grade acetone and n-hexane and were allowed to melt
at room temperature in the laboratories of the CNR Arctic Station Diri-
gibile Italia, obtaining 500 mL-660 mL (580 mL on average) of water,
and extracted using 200 mg Oasis® HLB cartridges (Waters Corp., Mil-
ford, MA USA) following previously developed methods (Vecchiato
et al., 2020, 2018). Samples were spiked with phenanthrene !3C
(Cambridge Isotope Laboratories, Andover, MA USA) as an internal
standard. The cartridges were then stored at —20 °C and were later
eluted using 1 mL of toluene, 15 mL of dichloromethane and 10 mL of
n-hexane (pesticide-grade, Romil Ltd). This operation took place in the
stainless steel organic free clean-room (class 10,000) at the Ca’ Foscari
University of Venice (Italy).

Instrumental analyses for native PAHs (naphtalene (NAP), ace-
naphthylene (ACY), acenaphthene (ACE), fluorene (FLU), phenanthrene
(PHE), anthracene (ANT), fluoranthene (FLA), pyrene (PYR), benzo(a)
anthracene (BaA), chrysene (CHR), retene (RET), benzo(b)fluoranthene
(BbF), benzo(k) fluoranthene (BkF), benzo(e)pyrene (BeP), benzo(a)
pyrene (BaP), perylene (PER), dibenzo(a,h)anthracene (DahA), indeno
(1,2,3-c,d)pyrene (IcdP) and benzo(ghi)perylene (BghiP); Dr. Ehren-
storfer (Augsburg, Germany)) were conducted by GC-MS/MS (Trace
1310 - TSQ 9000 Thermo Fisher) using a 60-m HP-5MS column (0.25
mm LD., 0.25 pm; Agilent Technologies). Instrumental conditions used
to identify and quantify each PAH are reported in table SI1. The per-
formances of the analytical method were evaluated preparing synthetic
samples spiking 50 Ll of a dichloromethane solution containing the
native PAHs at 1 ng L1} each into 0.5 L of ultrapure water for organic
analyses (Purelab Flex; ELGA LabWater) and then following the pro-
cedure described above. Internal standard (50 pl of BCcpHEat 1 ng Ll’l)
was added respectively at the beginning of the procedure to perform
trueness tests (n° = 3; Table SI1) or after the final concentration to
calculate the recovery rates (n° = 3; Table SI1). Results were mean-blank
corrected, and the method detection limits (MDLs) were calculated as
three times the standard deviation of the blank signals (Table SI1).

To study the source region of the air masses reaching the Gruvebadet
Aerosol Laboratory, back-trajectories were computed using the NOAA-
HYSPLIT model 5.0.0 (Stein et al., 2015). The trajectories were calcu-
lated for 120 h, starting every 6 h at 10 m above ground level (AGL) with
backward direction using vertical velocity and NCEP/NCAR reanalysis
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database (horizontal resolution of 278 km), according to previous
studies on atmospheric circulation in the same site (Feltracco et al.,
2021). The frequency analyses were conducted for the periods spanning
between each sampling interval (approximately one week), covering the
whole season (see Fig. 1).

3. Results and discussion

The analyzed PAH compounds show marked seasonal trends during
the study period (Fig. 2). RET was the analyte with the highest con-
centrations, of up to 97 ng L™}, but it significantly decreased during the
winter and remained minimum until spring. The other PAHs generally
showed an opposite trend with the highest levels in winter, however
presenting minor relative peaks in autumn and spring concurrent to RET
(Fig. 2). The sum of the 16 high priority PAHs resulted overall lower
than RET during the sampling period, with values ranging between 0.76
ng L™! and 37 ng L™! (Table SI2).

3.1. Trends and sources of retene

RET peaked at the beginning of the sampling season (97 ng L™ on
19 October 2018) and it started to decrease from the end of October to
mid-December (Fig. 2). During the whole winter and the beginning of
spring, RET values remained below 3 ng L™!. Concentrations increased
again in May, reaching a value of 82 ng L. The behaviour observed for
this tracer may be explained by considering its possible sources: RET is
the dominant PAH component in Svalbard coals: its presence is linked to
the geology of the islands and the coal outcrops observed in several
geological formations near Ny-Alesund (Cmiel and Fabiariska, 2004).
The resulting interpretation is that when the snow coverage of the area is
absent or patchy, coal and soil particles may be transported to nearby
snowfields, bringing RET and, more local PAH contamination.
Conversely, in winter, as long as the surrounding area remains covered
by snow and ice, this process is prevented, and the LRAT inputs of PAHs
become predominant in the air and snow. Therefore, high values of RET
found in the snow samples suggest that soil and dust deposition from
local coal stockpiles near Ny-Alesund may be the principal contributors
of PAHs deposited in the area at the beginning (until the 17 December
2018) of and the end of the sampling season (after 1°* May 2019) (Fig. 2).
In the snow-covered period, the role of local sources becomes less
important, and the other PAHs detected in the samples may be mainly
attributed to long-distance sources.

RET was previously detected in marine sediments in the Kongsf-
jord—Krossfjord system facing Ny-i\lesund, where it was used as an in-
dicator for coal-derived organic matter (Kim et al., 2011). In the surface
snow around the town of Ny-Alesund, RET had a broader range of
concentrations (2.6 ng L™! - 1.8 pg L™!) compared to the Gruvebadet
samples, while still showing a clear prevalence over } ;6 PAHs and ac-
counting for local inputs (Vecchiato et al., 2018). It should be underlined
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that, along with the other PAHs, RET may still derive from long-range
sources, such as combustion of coniferous wood in lower latitudes,
however, as discussed more in detail in paragraph 3.4, the concentra-
tions of atmospheric RET at the Zeppelin observatory result at orders of
magnitude lower than the other major PAHs, and with a typical peak of
concentrations occurring in late January (ebas.nilu.no). Therefore, the
deposition of atmospheric RET cannot explain its higher concentrations
in comparison to the other PAHs detected for this compound in the snow
at Gruvebadet, nor its seasonal trends. Moreover, no significant soft-
wood fires were reported in the Ny-Alesund area during the sampling
campaign and even unknown local contamination from the town is
prevented to affect the snow sampling area, since main winds flow
parallel to the fiord towards the ocean (Feltracco et al., 2021; Ferrero
et al., 2016; Vecchiato et al., 2018). Consequently, coal represents the
only established source of RET characterizing the whole area through
deposits, soil, dust, and natural outcrops, apart from the winter months,
when the extended snow cover prevents the resuspension of these
materials.

Results show that the distribution of RET can be considered as a
tracer of the local sources and as a secondary tracer of surface snow
coverage. However, this should be considered only valid in those regions
where outcropping coals are strongly characterized by RET and only if
the comparison with the other PAHs reflects a dominating fingerprint
typical of this peculiar source. RET in snow samples collected in areas
unaffected by these coal sources should still be considered a marker of
coniferous wood combustion (Masclet et al., 2000).

3.2. Temporal variability of priority PAHs

At the beginning of the season, from October to early December, the
>"16 PAHs concentrations were relatively low, at a few ng L1
(Table SI2). As reported by the trend of the snowpack height and of the
surface snow temperature (Fig. 2), snow deposition was affected by
melting episodes, due to the occurrence of repeated ROS events and
temperatures above 0 °C. High temperatures largely affected the
snowpack with melting, ablation and redistribution of the snow, also
disturbing the composition of the PAH signal leading to relatively higher
concentrations on October 19th and November 23rd. The samples
collected in this period were probably reflecting amplification phe-
nomena (Meyer and Wania, 2008) and/or internal redistribution of
PAHs in the snowpack: indeed there was a higher contribution of NAP,
which is a light and more water-soluble compound that was previously
found to be enriched in wet snow layers (Koziot et al., 2017), repre-
senting the 44-63 % of the > 15 PAHs amount when detected in the
samples between October 19th and December 4th. In the following
samples of December NAP represented only the 5-28 % of the amount of
216 PAHs.

Concentrations of heavy PAHs started to increase from 12th to 17th
December, when 316 PAHs have concentrations of 12 ng L™} and 9.7 ng

Fig. 1. Location of the surface snow samplings, with indication of the relevant sites in the area. Photo: courtesy of A. Spolaor.



M. Vecchiato et al.

Environmental Pollution 340 (2024) 122864

;I-40
-
230
T 20
<
a
e
w10
0 ——— ————— 0
20
b) &
-
40 o
c
-
60 —
w
ec
80
100
<) .
30 80 E
d) E
—_ =
€ 15 60 o
o =]
= o
£ 0 102
£ S
2.-15 20 3
<
<
-30 0
0 £
2
— 40 -10
€ 2
c f) e) ©
= 30 -20 @
: 3
=1 - ]
= 20 30'_
=
[=%
g N |.L|. |J.| | l L LJ
& 9 |- Jo L0 N ‘el 1
00 00 00 00 00 00 o 0 0 0 0 0 O O O O O O O & O O O] DO DO O
(el el el el e e el s s e s ke e s i e e e e e e B e e i = B = A A A A A A o
Ty TN ey NG e, ey BV e Sy W, T T e e e M N el TG e TG TSt " TSucia T, o, T T S Y. S,
O OO0 O = o o A" N ANAN AN AN o o o N N &N N 0 o0 0NN ST SW W0
O A0 90 A0 Add A A0 o0 0 0 00 0 00 0 0 0 00 00000000 ©
T T TSN e TR N G Te, s W T W Tl A, NG DN T Neae TS TSR S ey i S R (L
S N O O NDODOU OSSN S AN § « 0N N O WL AN O O U N M HANOWNO OO M
0 oS =\mN O O - N O "N M O =4 NN O -« = N O o =N OCO-H-EN NOO
W 5. PAHs ®RET — Accumulation Snowpack anomaly ——Air T<0 = Air T>0 M snow M rain
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L1, respectively. These values still corresponded to relevant levels of
RET, somehow representing a connecting period between the autumnal
and the winter snow conditions, potentially reflecting the influence of
both local and long-range sources in the samples. More relevant were the
depositions at the end of December: the increase of > 16 PAHs on
December 24th coincided with an increase in snowpack thickness of
about 30 cm following fresh heavy snowfalls (Fig. 2). Concentrations
peaked at 37 ng L™! on December 31st. Meanwhile, the levels of RET
dropped, discounting the possible hypothesis of relevant PAH contri-
butions from the local sources. This major peak of PAHs registered in the
precipitation event was therefore significantly linked to long-range
sources of contamination.

In the following period (January 8th — February 19th), the 16 PAHs
concentrations ranged between 7 ng L™! and 16 ng L™}, showing lower
values on January 22nd and 29th, when PHE resulted below the MDL
(Table SI2). During this period, the formation of wind crusts was
observed on the snow surface at the Gruvebadet station. The height of
the snowpack remained constant during this month (Fig. 2c and d). Most
of the samples collected between January and February were therefore
mostly referring to the same previous snow precipitation. However, it is
possible to notice a relative increase in PAH concentrations from
January 22nd to February 12th. Considering the almost total absence of
snow precipitation in this period (Fig. 2), this increase, less pronounced
than the event at the end of December, suggests a possible contribution
from the dry deposition of atmospheric PAHs, constituting a less

efficient process than wet scavenging. This hypothesis would be also
consistent with the high atmospheric PAH levels detected at Zeppelin in
that period (section 3.4). The sample collected on February 26th was
instead referring to the second main snow deposition event (Fig. 2), but,
contrary to the previous one, Y 16 PAHs concentrations dramatically
dropped to 0.86 ng L™1. Since in this case the snow deposition was
significantly less polluted, the air masses encountered during snow
formation and deposition should have been less influenced by the PAH
emitting sources in lower latitudes. A remarkable difference distin-
guishes the two main snow deposition events that occurred during the
sampling campaign, taking place respectively at the end of December
and at the end of February. Both events brought an increase in the snow
height of approximately 30 cm. Notably, while a significant increase in
the concentrations corresponded to the first episode (Fig. 2), remaining
relatively high (316 PAHs: 7.5-37 ng L™1) until February 19th, after the
second event, PAHs fell by one order of magnitude (316 PAHs: 0.86 ng
L1). This substantial difference is likely reflecting a variation in the
origin of the air masses reaching Svalbard in the period before sampling.
According to the HYSPLIT frequency analysis of the back-trajectories,
the polluted sample collected on Dec 24th was influenced by sources
placed in northern Europe (Fig. SI1a). Atmospheric PAH sources to the
Norwegian Arctic are known to originate in the circumpolar countries,
with the higher concentrations in winter and spring mainly deriving
from western Russia and northern Europe (Balmer et al., 2019).
Conversely, the air masses preceding Feb 26th came mainly from the
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despite the height of the snowpack in

ing soi

other PAHs (Cmiel and Fabianska, 2004

In May, melting accelerated
the sampling area remaining thoroughly stable (Fig. 2), ice lenses

inside the snowpack (Koziot et al., 2017), or the actual deposition of
resulted visible in the profile. Moreover, the snow coverage of the sur-

NAP-enriched snow.
Consequently, considering that coal is a source of both RET and the

roundings, including the road, coal deposits and outcroppings (Fig. SI2),

started to become patchy, expos

The samples collected in March and April showed a more complex
behaviour, due to repeated snow depositions, wind-driven erosion and

redistribution, together with rain events, and temperatures above 0 °C,
internal redistribution and accumulation of this hydrophilic compound

Remarkably, NAP showed its highest peak on April 1st (10 ng L™1), no
peculiar meteorological conditions characterizing the sample. We may
suppose the occurrence of amplification phenomena due to the possible

contributing to the deposition of relatively clean snow.
which became more frequent from late April onwards (Fig. 2).

Arctic Ocean and Greenland (Fig. SIlc) transporting clean air and
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Fig. 3. concentration profiles of the analyzed PAHs reported in ng L™'. Note different scales. FLU resulted below detection limits in every sample and is

not displayed.
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Heuvel-Greve, 2021), local sources may also be considered relevant for
the May snow depositions, when levels of > 16 PAHs of up to 19 ng L!
were detected.

The concentration levels of PAHs in snow at the Gruvebadet site
(316 PAHs: 0.76-37 ng L™1) result lower than those previously found
for contaminated “urban” samples inside the Ny-Alesund settlement
(3"16 PAHs up to 299 ng L™Y), while being comparable to the back-
ground snow samples not influenced by the town (> 16 PAHs: 2.6-23 ng
L~ (Vecchiato et al., 2018). These values are similar to those reported
at Summit, Greenland, with total PAHs resulting at 0.6-2.4 ng L}
(Jaffrezo et al., 1994) and fall in the lower range of those found on the
Foxfonna glacier, Svalbard, where concentrations up to 4 pg L™! were
detected (Koziot et al., 2017). High values were found in contaminated
snow from the area of Longyearbyen and Barentsburg, with the sum of
PAHs resulting at 2-119 pg g ! in the particulate material filtered from
the snow (Abramova et al., 2016).

The highest values of PAHs found in the snowpack are associated
with specific transport and precipitation events linked to low-pressure
systems, which are able to promote the transfer of pollutant-laden air
masses from the mid-latitudes towards the Svalbard area. Such transport
events are also generally characterized by intense snowfall and/or liquid
precipitation, causing ROS events, and are expected to increase in the
future, due to the slowing of the polar vortex due to climate change
(Spolaor et al., 2021).

3.3. The composition of the PAH pattern

The detailed trends of the individual PAH compounds are reported in
Fig. 3. Focussing on the individual PAHs analyzed in the surface snow at
Gruvebadet, the concentration profiles are dominated by FLT and PHE
(Table SI2), accounting on average for 20% and 13% of the ) 16 PAHs
respectively, followed by PYR (12%) and NAP (12%). The remaining
PAHs detected are on average below 10%. The sum of FLT, PHE, PYR,
and NAP constitutes more than 50% of the )15 PAHs analyzed, and FLT,
PHE, and PYR were detected in more than 50% of the samples. The
different PAHs show dissimilar seasonal behaviour (Fig. 3). Some light
compounds, such as NAP, which was found in relatively high concen-
trations in some samples, were detected occasionally and/or without a
defined seasonal evolution. Many heavier PAHs (e.g., FLT, CHR or IcdP)
are instead characterized by a bell-shaped profile, peaking at the end of
December (Fig. 3), while other compounds (e.g., BaP and BghiP) present
a second peak in May.

In addition to the 16 priority PAHs, and beyond RET that has already
been discussed, also PER and BeP were detected in the samples, with
concentrations up to 5.2 ng L™! and 3.9 ng L™, respectively. If PER
seems independent from any specific trend, suggesting quite constant
diagenetic sources for this compound, BeP instead followed a seasonal
pattern similar to its isomer BaP (Fig. 3).

Diagnostic ratios of PAHs are powerful tools used for the determi-
nation of the emission sources in urban areas (Sun et al., 2022; Zhang
et al., 2021, 2020), however, their reliability has been questioned when
applied to remote regions (Katsoyiannis and Breivik, 2014). Contradic-
tions between diagnostic ratios may be related to the different re-
activities of the isomers during atmospheric transport, suggesting
opposing PAH sources in snow depositions (Vecchiato et al., 2020).
However, the BaP/(BaP + BeP) ratio is specifically based on the more
rapid atmospheric degradation of BaP compared to BeP, therefore
providing an indication on the age of the air masses and discriminating
local sources (fresh particles ~ 0.5) from long-range sources (aged
particles <0.5) (Tobiszewski and Namiesnik, 2012). In our samples the
BaP/(BaP + BeP) ratio shows a pronounced seasonal variation (Fig. SI3),
resulting close to 0.5 in autumn and spring, but with lower values in
winter, indicating the predominance of aged particles. This conse-
quently confirms that long-range transport and snow deposition of PAHs
occurs mainly during winter.

In different studies conducted in the Svalbard Archipelago, NAP
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frequently resulted the major PAH amongst those analyzed in snow
(Vehvildinen et al., 2002) and freshwater (Kosek et al., 2018; Kozak
et al., 2017; Lehmann-Konera et al., 2020; Polkowska et al., 2011). In
our samples, NAP resulted the most abundant component among the 16
priority PAHs in 8 out of the 11 samples where it resulted above the MDL
(Table SI2). We should underline that the blanks of this analyte are
about 1-2 orders of magnitude higher than the other PAHs (Table SI1),
therefore potentially underrepresenting its actual distribution. Never-
theless, NAP resulted lower than PHE and FLA in the late December
event (Table SI2). The same preponderance of 4-ring PAHs over NAP
was characteristic of snow at Summit, Greenland (Jaffrezo et al., 1994).
In the freshwater from southern Svalbard the predominance of NAP over
heavier PAHs was highly variable on limited temporal (Kosek et al.,
2018; Kozak et al., 2017) and spatial (Lehmann-Konera et al., 2020;
Polkowska et al., 2011) scales.

3.4. Comparison between snow and atmospheric PAHs

The monitoring of PAHs in aerosol at the nearby Zeppelin observa-
tory, which are not part of our analyses but are freely available at ebas.
nilu.no, gives us the opportunity to compare the trends registered in the
surface snow, with those characterising the atmospheric composition
during the same period. It should be noted that the Zeppelin station is
located about 400 m above the Gruvebadet Aerosol Laboratory, lying
above the atmospheric boundary layer for most of the time, therefore it
is generally unaffected by local sources (Balmer et al., 2019; Stohl et al.,
2007; Yu et al., 2019). The > 16 PAHs in the atmosphere resulted in
concentrations up to 3.2 ng m°, showing a defined bell-shaped pattern
(Fig. 4), peaking in winter and being largely dominated by Low Mo-
lecular Weight (LMW; 2-3 rings) PAHs: NAP and FLU on average ac-
count for 63% and 26% of the atmospheric ) 16 PAHSs, respectively. The
snow profile is instead generally shifted towards the High Molecular
Weight (HMW, >4 rings) PAHs (Fig. 4), mostly PHE, FLT and PYR. This
difference between atmospheric and snow composition could be
explained considering the different physical-chemical properties of
PAHs leading to differential phase distribution (Lei and Wania, 2004):
with the lowering of the temperatures, while NAP tends to remain in the
gaseous phase, the other heavier PAHs tend to adsorb to particles and to
snow surfaces. Consequently, for temperatures below 0 °C, while the
dominant atmospheric deposition process for NAP is largely represented
by dry gaseous deposition, higher proportions of the other compounds
tends to be wet-deposited after being adsorbed to snowflakes or through
particle scavenging (Grannas et al., 2013; Lei and Wania, 2004).
Consistently, we obtained the shift of the patterns shown in Fig. 4.
However, the dominant mechanism of atmospheric deposition is
strongly dependent on phase composition, kinetic parameters and
temperature, therefore it results highly variable after limited environ-
mental changes (Lei and Wania, 2004).

During summer melting, while the more hydrophilic NAP tends to be
transported with the snowmelt, there is a higher repartition of the
heavier PAHs to the less mobile organic matter and soil particles (Casal
et al., 2018; Meyer and Wania, 2008). Consequently, a relative NAP
dominance of the pattern is frequently detected in freshwater (Kozak
et al., 2017; Lehmann-Konera et al., 2020; Li et al., 2020).

Comparing the different seasonal profiles of PAHs, the main event
registered in snow at the end of December (Figs. 2 and 4) finds corre-
spondence with a simultaneous spike of PAH concentrations in the at-
mosphere. However, the highest levels of PAHs in aerosol samples were
registered between the end of January and early February. This is
consistent with the literature (Balmer et al., 2019) and with the corre-
sponding back-trajectory frequencies, which result as significantly
deriving from northern Europe (Fig. SI2b) during that period. Despite
this, the trend in snow remained at relatively lower concentrations
during the same weeks, due to the action of winds, removing fresh snow
deposition and leading to the above-mentioned formation of surface
wind crust. This means that even the major events of LRAT of
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Fig. 4. Seasonal distribution of the ) ;¢ PAHs among the Low Molecular Weight (LMW, 2-3 rings) and High Molecular Weight (HMW; >4 rings) compounds
observed in the atmosphere (ng m~>) at the Zeppelin station (ebas.nilu.no) and in the snow (ng L) at the Gruvebadet observatory.

contaminants may remain almost unrecorded in deposition, resulting in
decoupled signals from the two matrices, air and snow. Consequently,
potential profiles taking place in late-season snow-pits may misrepresent
the actual contamination trends, if the post-depositional phenomena
occurring on the ground are not considered.

Notably RET was also present in the aerosol Zeppelin samples, being
detected between the end of November and the beginning of February,
at levels (median 0.0019 ng m’3) two orders of magnitude lower than
NAP (median 0.18 ng m3) (ebas.nilu.no). These concentrations of RET
were representing only the 0.1-0.5 % of the corresponding > 16 PAHs in
the aerosol samples. In comparison to the other PAHs, the low atmo-
spheric concentrations of RET and its seasonal distribution indicate that
at Zeppelin it derives most likely from long-range softwood burning,
rather than from the local coal sources, whose fingerprint is instead
characterized by a dominance of RET above the } 16 PAHs.

Similarly, the bell-shaped profiles detected in the snow for most of
the heavy PAHs, including FLA, PYR, BaA, CHR, BbF, BkF and IcdP
(Fig. 3) correspond to the atmospheric trends, reflecting long-range in-
puts occurring mainly in the central winter months. Other heavy com-
pounds, namely BaP, BeP and BghiP, in addition to this winter peak,
show a late spring increase, which is otherwise likely due to local
contamination, coinciding with the RET peak and with the above
mentioned relatively high BaP/(BaP + BeP) ratios. This confirms that
the major sources of PAHs on the snowpack may attributed to local or
long-range inputs considering different sampling seasons.

4. Conclusions

One of the main features characterizing the yearly trend of PAHs in
Arctic surface snow is the significant variability of their seasonal pro-
files. While RET may reach relatively high concentrations in autumn and
spring due to its natural occurrence in local coals, during winter the
contributions from LRAT sources become dominant for the other PAHs,
in parallel with their atmospheric trends. Snow depositions preserve the
fundamental patterns of the } 16 PAH trends, reporting higher levels in
winter. However, referring to the initial objectives of this study, some
key aspects should be considered, since weather conditions may lead to
a divergence of the signal recorded in the snowpack.: I) Winds can
potentially remove or redistribute fresh snow, while rain events can
cause melting and differential vertical movements of PAHs. II) The
actual deposition of PAHs in the snow depends on the combination of
the origin of the air masses, e.g., from uninhabited areas or from
contaminated lower latitudes, with the actual occurrence of events of
snow precipitation, scavenging the contaminants from the air more

efficiently than dry depositions. III) Another key element is represented
by the shift of the PAH pattern towards heavier compounds during
aerosol scavenging, bringing uneven signals between atmosphere and
snow. Moreover, in the areas where seasonal melting occurs, this is also
likely followed by a consecutive shift of the pattern, leading to a prev-
alence of the most hydrophilic PAHs in the freshwaters. These funda-
mental issues should be considered for the interpretation of the record of
a tracer from a late-winter or spring snow-pit, as well as for the analyses
of organics in ice cores, especially when collected in glaciers with high
summer ablation.

In this context, the severe climatic changes currently observed in the
Arctic will affect the framework of the distribution of PAHs in snow. This
can occur both through influencing adsorption and scavenging equi-
libria, which are highly temperature-dependent, but also bringing more
frequent warm rains damping the chemical signals recorded in snow
deposition.
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