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A B S T R A C T   

Despite its reputation as one of the cleanest regions globally, recent studies have identified the presence of 
various persistent toxic substances (PTSs) in the environmental matrices collected from Svalbard. This study 
investigated the chronological distribution and potential sources of 81 PTSs in soils from the glacier foreland of 
Midtre Lovénbreen. Soil samples (n = 45) were categorized by age based on exposure to the atmosphere due to 
glacier retreat in July 2014 into five age groups: 80–100 years (n = 7), 60–80 years (n = 12), 40–60 years (n =
16), 20–40 years (n = 7), and <20 years (n = 3). Concentrations of polychlorinated biphenyls (PCBs, n = 32) in 
soils varied with age, ranging from 0.29 to 0.74 ng g− 1 dw. In addition, the concentrations of polycyclic aromatic 
hydrocarbons (PAHs, n = 28), perylene, and alkyl-PAHs (n = 20) in soils ranged from 21 to 80 ng g− 1 dw, 2.9–62 
ng g− 1 dw, and 73–420 ng g− 1 dw, respectively. The concentrations of PTSs were observed to be greater in older 
soils. Principal component analysis revealed that PCBs in soils originated from various product sources. Positive 
matrix factorization modeling estimated the association of PAHs in soils with potential origins, such as diesel 
emissions, petroleum and coal combustion, and coal. Potential sources of PAHs were mainly coal in younger soils 
and diesel emissions and petroleum combustion in older soils. Alkyl-PAH compositions in the soil were similar to 
those of bituminous coal, with a noteworthy degree of weathering observed in older soils. The accumulation rate 
and flux of PTSs in soils exhibited compound-specific patterns, reflecting factors such as long-range transport, 
fate, origin, and recent inputs. These findings can serve as baseline data for protecting and preserving polar 
environments.   

1. Introduction 

The Earth’s climate system is experiencing profound impacts due to 
climate change, characterized by a continuous increase in the global 
average temperature associated with elevated CO2 concentrations in the 
atmosphere (Lynas et al., 2021). This phenomenon leads to various 
climate anomalies such as droughts, floods, cold spells, desertification, 
and disruptions in ecosystems worldwide (Schellnhuber et al., 2016). 
The Arctic region is particularly susceptible to significant and poten
tially irreversible transformations induced by climate change (Schelln
huber et al., 2016). Over the past five decades, the average temperature 

in the Arctic has increased by almost four times the global average, 
resulting in glacial retreat, permafrost thawing, and sea-ice reduction 
(Rantanen et al., 2022). These rapid environmental changes profoundly 
impact the Arctic ecosystem (Venkatachalam et al., 2021). 

Svalbard, an archipelago at the gateway from the North Atlantic to 
the Arctic, consists of nine islands, with approximately 57% of the land 
covered by glaciers (Miner et al., 2021; Nuth et al., 2013). The diverse 
environmental compartments of Svalbard provide a conducive envi
ronment for unique, region-specific, long-term biological, and chemical 
reservoirs (Miner et al., 2021). Despite being considered one of the most 
pristine regions globally, Svalbard has exhibited traces of various 
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persistent toxic substances (PTSs) in environmental samples over the 
past three decades (Miner et al., 2021). Common PTSs include poly
chlorinated biphenyls (PCBs) and polycyclic aromatic hydrocarbons 
(PAHs). PCBs have been utilized across industries since 1929 because of 
their distinctive insulating and flame-retardant properties (Aslam et al., 
2019). They have been incorporated into insulating oil for transformers, 
circuit breakers, and electronic devices (Kim et al., 2021). PAHs origi
nate from anthropogenic sources, such as incomplete combustion of 
petroleum, vehicle exhaust, waste incineration, food preparation, and 
metal smelting (Na et al., 2021). Additionally, PAHs can be generated 
from natural sources, such as volcanic eruptions, forest fires, and 
biomass burning (Wilcke, 2007). These compounds can accumulate in 
environmental media, such as soil and sediment, and are known to have 
adverse effects on terrestrial and marine organisms (Kim et al., 2021). 
PTSs introduced into high-latitude areas may not readily evaporate due 
to low temperatures and preferential precipitation, potentially accu
mulating in the Arctic regions (Wania and Westgate, 2008). 

The Midtre Lovénbreen is located in Svalbard and has experienced a 
rapid glacial retreat in recent years due to increasing temperatures (Ai 
et al., 2019). The glacier foreland became newly exposed to the atmo
spheric environment as the glaciers receded. This gradual glacial retreat 
transformed the foreland into an ideal site for observing changes in 
organic matter over time (Eichel et al., 2015; Khedim et al., 2021). 
Consequently, the surrounding environment has undergone significant 
transformation, underscoring the importance of monitoring and un
derstanding environmental changes in this area (Schellnhuber et al., 
2016). Glacio-fluvial runoff resulting from glacier retreat can alter the 
biogeochemical properties of soils, vegetation composition, and grain 
size distribution (Kim et al., 2022). Soil is a repository of various envi
ronmental pollutants that accumulate upon exposure to the atmosphere 
(Birks et al., 2017; Casal et al., 2018). Previous studies have highlighted 
the significance of soil as a crucial environmental medium for the 
accumulation of PAHs, constituting more than 90% of the total envi
ronmental load (Aichner et al., 2015; Qu et al., 2020). Arctic soil, which 

is often frozen year-round, restricts nutrient movement and slows 
chemical reactions, leading to nutrient deficiency, whereas sparse 
vegetation contributes to the slow decomposition of organic matter 
(Wild et al., 2014). Recent studies have found that global warming and 
other disturbances release PTSs stored in Arctic soils (Cabrerizo et al., 
2018). 

As the Arctic undergoes unprecedented warming and glacier retreat, 
these changes significantly affect the distribution and accumulation of 
PTSs in the soil. However, few studies have been conducted on the 
chronological distribution of PTS in soils exposed to the atmosphere 
following glacial retreat. This study hypothesized that the distribution 
and potential sources of PTSs in soils are influenced by soil age, glacio- 
fluvial runoff, human activities, and buried materials of natural origin. 
The primary objective of this study was to investigate the chronological 
distribution of PTSs in soils from the Midtre Lovénbreen glacier foreland 
of Svalbard after the glacier retreat. We compared PTS concentrations in 
soils at sites affected and unaffected by glacio-fluvial runoff. Potential 
sources of PTSs were estimated using statistical analysis, multivariate 
modeling, and composition ratios of individual compounds in the soils. 
In addition, this study assessed the accumulation rate and flux of PTSs in 
the soil over the past 100 years. This comprehensive approach could 
provide insights into the mechanisms and characteristics of PTS accu
mulation in Arctic soils and potentially contribute to protecting the 
health of terrestrial ecosystems vulnerable to pollution. 

2. Materials and methods 

2.1. Study area and sample collection 

Arctic Svalbard encompasses both discontinued and active mining 
areas (Fig. 1a). The Midtre Lovénbreen glacier foreland is situated on the 
Brøggerhalvøya peninsula in the western part of Spitsbergen (Fig. 1b). In 
July 2014, 45 soil samples (0–5 cm) were collected from the Midtre 
Lovénbreen glacier foreland, representing various soil ages exposed to 

Fig. 1. Map showing the sampling sites in (a) the Arctic Svalbard, (b) Ny-Ålesund, and (c) Midtre Lovénbreen. Forty-five soil samples (0–5 cm) were collected from 
the foreland of the Midtre Lovénbreen glacier in July 2014. The white lines indicate the glacier retreat timeline as of 2014. Triangles and squares represent sites 
affected and unaffected by glacio-fluvial runoff, respectively. 
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the atmosphere due to glacier retreat (Fig. 1c and Table S1). Detailed 
information regarding the sampling sites and labeling of soil samples has 
been provided in previous studies (Kim et al., 2022; Moreau et al., 
2005). Soil age was categorized into five intervals: 80–100 years (n = 7), 
60–80 years (n = 12), 40–60 years (n = 16), 20–40 years (n = 7), and 
less than 20 years (n = 3). The sampling sites were divided into sites 
affected by glacio-fluvial runoff (runoff sites; n = 13) and sites not 
affected by it (no-runoff sites; n = 32) (Kim et al., 2022; Moreau et al., 
2005). Soil samples were air-dried, passed through a 2 mm sieve, and 
homogenized. Soil organic carbon (SOC), total nitrogen (TN), and grain 
size distribution were analyzed and partially reported in a previous 
study (Kim et al., 2022). 

2.2. PTSs analysis in soils 

A total of 81 PTSs were analyzed in the soils, including 32 PCBs, 29 
PAHs (including perylene), and 20 alkyl-PAHs (Table S2). Thirty-two 
PCBs were obtained from Wellington Laboratories (Guelph, ON, Can
ada). Twenty-nine PAHs were obtained from ChemService (West Ches
ter, PA) and Sigma-Aldrich (St. Louis, MO). Twenty alkyl-PAHs were 
purchased from Wellington Laboratories. Five grams of soil were placed 
in a stainless steel cell and subjected to extraction with dichloromethane 
(DCM, Honeywell, Charlotte, NC) using an accelerated solvent extractor 
(Dionex ASE 350, Thermo Scientific, Salt Lake, UT). During the exper
imental procedures, blank samples were analyzed alongside soil samples 
to detect any potential contamination by the target compounds. Before 
organic extraction, mass-labeled surrogate standards were added for 
quality control (Table S2). Extraction was performed for 20 min at 
120 ◦C, and the extract was collected in a 60 mL glass vial and 
concentrated to 1 mL using gentle N2 gas. The organic extract was 
reacted with activated copper powder (Sigma-Aldrich) for approxi
mately 1 h to eliminate elemental sulfur. The extract was separated and 
purified using open-column silica gel chromatography (8 g; Sigma- 
Aldrich). Eight grams of activated silica gel, infused with hexane were 
packed into a glass column. The first fraction for PCB analysis was eluted 
with 30 mL hexane (Honeywell). The second fraction for the analysis of 
PAHs and alkyl-PAHs was eluted with 60 mL hexane:DCM (8:2, v:v). 

The concentrations of PCBs, PAHs, and alkyl-PAHs were measured 
using an Agilent 7890B gas chromatograph (GC) coupled with a 5977B 
mass selective detector (MSD, Agilent Technologies, Santa Clara, CA). 
The instrument conditions for GC-MSD are listed in Table S3. A DB-5MS 
column was used for compound separation. Due to the limited avail
ability of pure standards for each alkyl-PAH, the concentrations of each 
methyl substituent of the PAHs were semiquantified using 20 model 
compounds (Hong et al., 2012). The quantification ion, confirmation 
ion, method detection limit, and recoveries of the individual compounds 
are presented in Table S2. 

2.3. qGIS mapping 

In this study, the Quantum Geographical Information System soft
ware (qGIS, Version 3.28.3) was used to establish the spatial distribution 
of PTSs in soils. qGIS software enables the visualization and analysis of 
the distribution of PTSs in a specific region. The basemap layer for 
Svalbard was obtained from the Norwegian Polar Research Institute 
(https://geodata.npolar.no/). The layers of the cached basemap were 
selected from Svalbard Orthophoto. 

2.4. Principal component analysis 

Principal component analysis (PCA) was conducted using IBM SPSS 
Statistics 26 (SPSS Inc., Chicago, IL) to identify potential sources of PCBs 
in soils. Bartlett’s and Kaiser-Meyer-Olkin (KMO) tests were performed 
to evaluate the suitability of the data for statistical analysis. In this 
study, the KMO value exceeded the guideline value of 0.6, confirming 
the suitability of the dataset for PCA. PCA utilized the relative 

proportions of seven types of PCB homologs, corresponding to products 
and combustion origins, as described in a previous study (Pedersen 
et al., 2015). 

2.5. Positive matrix factorization modeling 

The United States Environmental Protection Agency (EPA) positive 
matrix factorization (PMF) multivariate modeling (Version 5.0) was 
used to identify potential sources of PAHs in soils. The PMF model, 
which is employed to trace the sources of toxic substances, utilizes a 
mathematical algorithm to convert negative values resulting from factor 
analysis into positive values (Kim et al., 2021). This process yields the 
least squares value for each dataset (Moon et al., 2008). PAHs utilized 
for PMF modeling included EPA 15 priority PAHs excluding naphtha
lene (Na) (Lee et al., 2023). The input datasets comprised 15 PAHs 
across 45 sites. During the analysis of the PMF model, it is imperative to 
minimize the QTrue/QExp ratio when determining the number of factors 
representing pollutant sources. In this study, four factors were 
confirmed to have the smallest value of QTrue/QExp. Thus, factors for 
potential sources were estimated based on the ‘% of species’ of indi
vidual compounds (Kim et al., 2021). The foundational models under
went 100 iterations and linear regression analysis revealed a coefficient 
of 0.99 (R2) between the predicted and estimated concentrations, indi
cating a satisfactory performance of the PMF model results. 

2.6. Estimations for accumulation rate and flux of PTSs 

The present study determined the accumulation rate and flux of PTSs 
in the soil. The calculation of the accumulation rate of PTSs in soils was 
slightly modified from the method used in a previous study (Fang et al., 
2017). The accumulation rate was computed by dividing the average age 
of each soil age group by the concentration of PTSs in the soils. For 
example, the mean ages for the age groups 80–100 years, 60–80 years, 
40–60 years, 20–40 years, and <20 years were calculated as 84, 68, 51, 
32, and 7 years, respectively. Additionally, the accumulation flux of 
PTSs in the soils was calculated using the difference in age for each soil 
group. For instance, the accumulation flux for 1926–1934 was derived 
from the PTS concentrations in soils for the age group of 80–100 years 
minus that for the age groups of 60–80 years. 

2.7. Data collection for PTSs in air samples in Svalbard 

All data on PCBs and PAHs in the air samples were collected from the 
EBAS database of the Norwegian Institute for Air Research (http://ebas. 
nilu.no/). The concentrations of PCBs and PAHs in air samples were 
measured at the Zeppelin Observatory from Svalbard in 1998 and 1994, 
respectively. The Zeppelin Observatory, operated by the Norwegian 
Polar Research Institute, is a research station located at Ny-Ålesund on 
the Spitsbergen-Svalbard archipelago (Fig. 1b). The study area was 
approximately 3 km from the observatory. Changes in the concentra
tions of PCBs and PAHs according to soil age were compared with trends 
in the concentrations of PTSs in the air samples. 

3. Results and discussion 

3.1. Distributions of PCBs, PAHs, and alkyl-PAHs in soils 

Detailed information on soil characteristics, such as SOC, TN, and 
grain size distribution, is presented in the Supplementary Text (Fig. S1 
and Table S1). Concentrations of 32 PCBs in soils varied with age, 
ranging from 0.29 ± 0.03 to 0.74 ± 0.19 ng g− 1 dw (Fig. 2a and 
Table S4). Significant differences in PCB concentrations were observed 
between soils aged 80–100 years and those aged 20–40 years, as well as 
soils less than 20 years old, indicating a notable decreasing trend in PCB 
concentrations. These declining trends in PCB concentrations are likely 
attributed to global regulations governing their production and use since 
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the 1970s (Aslam et al., 2019; Zhang et al., 2014a). Thus, the observed 
decreases in PCB concentrations reflect consistent global efforts to 
mitigate the impact of these pollutants on Arctic ecosystems (Ma et al., 
2016). The concentration of PCBs in soils showed comparability be
tween runoff sites (0.5 ng g− 1 dw) and no-runoff sites (0.6 ng g− 1 dw) 
(Fig. 2b). This suggests that PCBs in soils are resistant to washing away 
by glacio-fluvial runoff, likely due to their strong adsorption to soils and 
hydrophobic properties (Liu et al., 2015). Although older soils may have 
been influenced by glacio-fluvial runoff during the initial decades of 
their formation, the classification of runoff and no-runoff sites was based 
on a specific timeframe (Kim et al., 2022; Moreau et al., 2005). A pos
itive correlation between PCB concentrations and SOC contents was 
observed (Fig. S2), which is consistent with the findings of a previous 
study (Zhang et al., 2014a). The spatial distribution of PCBs in soils 
showed high concentrations at ML204 (1.1 ng g− 1 dw), ML102 (1.1 ng 
g− 1 dw), and ML6 (0.97 ng g− 1 dw) (Fig. S3). Notably, ML102 (0.83%) 
exhibited high SOC content, whereas ML204 and ML6 had SOC contents 
of 0.33% and 0.19%, respectively, which were lower than the average 
SOC content in this area. 

The concentrations of 28 PAHs in soils exhibited variations based on 
soil age, ranging from 21 ± 1.8 to 80 ± 150 ng g− 1 dw (Fig. 2a and 
Table S5). Although the concentration of PAHs was higher in the older 
soils, no significant differences were observed. Recently, despite a global 
decrease in PAH emissions, temporal trends in PAHs measured within 
various Arctic media have not shown a decreasing trend (Yu et al., 
2019). This may be due to the influence of anthropogenic activities such 
as resource exploration, scientific research, and tourism in the Arctic 
regions (Na et al., 2021). The concentration of PAHs in the soils showed 
a positive correlation with SOC content (Fig. S2), suggesting that older 
soils have higher SOC content due to the influence of vegetation, and 
that the concentration of PAHs is also high in sites with high SOC con
tent. The concentration of PAHs in soils at the no-runoff sites was 
approximately 2.5 times higher than that at runoff sites, indicating a 
potential impact of glacio-fluvial runoff on the fate of PAHs in soils 

(Fig. 2b). This trend showed a somewhat different pattern from the re
sults for PCBs in the soils. These variations can be attributed to differ
ences in the chemical properties, sorption behaviors, and transport 
pathways of PCBs and PAHs (Liu et al., 2015). The highest concentra
tions of PAHs in soils were found at ML102 (570 ng g− 1 dw) and ML222 
(200 ng g− 1 dw) (Fig. S3). Among PAHs in soils, phenanthrene (Phe) 
showed the highest average concentration (21 ng g− 1 dw), followed by 
fluorene (Flu; 4.7 ng g− 1 dw). Phe originates from both natural and 
anthropogenic sources. For example, Phe in soil can biologically origi
nate from alkyl phenanthrene precursors in plant debris (Sims and 
Overcash, 1983). Previous studies have reported significant peaks of 
Phe, an indicator of PAH contamination from coal, in abandoned coal 
samples from the Ny-Ålesund, indicating substantial PAH contamination 
from coal sources (Howaniec et al., 2018; Steenhuisen and van den 
Heuvel-Greve, 2021). Additionally, Flu is commonly recognized as an 
indicator of potential contamination associated with coal in environ
mental samples (Howaniec et al., 2018). 

The concentrations of perylene in soils ranged from 2.9 ± 2.0 to 62 
± 180 ng g− 1 dw across different age categories, with no significant 
differences observed (Fig. 2a and Table S5). There were also no signif
icant differences in the perylene concentrations between the runoff and 
no-runoff sites (Fig. 2b). The soils collected from ML102 and ML177 
exhibited the highest concentrations of perylene at 670 ng g− 1 dw and 
110 ng g− 1 dw, respectively (Fig. S3). The perylene concentration in the 
soil did not show a significant relationship with SOC (Fig. S2). Previous 
studies have indicated that perylene can naturally occur at low tem
peratures and may also be partially generated during combustion (Gocht 
et al., 2007; Opuene et al., 2007; Zhang et al., 2014b). In addition, it has 
been reported that the chemical structure and high concentrations of 
lignin-derived aromatic compounds produced by fungi and plants in 
soils are related to the formation of perylene precursors (Bakhtiari et al., 
2010). These factors are expected to contribute to the variation in per
ylene concentration in the soils of the study area. 

The concentrations of the 20 alkyl-PAHs in soils varied across 

Fig. 2. (a) Concentrations of PCBs, PAHs, perylene, and alkyl-PAHs in soil samples categorized by soil age. Different letters based on the Kruskal-Wallis test indicate 
significant differences (p < 0.05) in the concentrations of PTSs between soil ages. (b) Concentrations of PTSs in soils of runoff sites and no-runoff sites from the glacier 
foreland of Midtre Lovénbreen, Svalbard. The asterisk (*) indicates statistically significant differences in the concentrations of PTSs between the soil samples (p <
0.05, Welch’s t-test). 
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different age groups, ranging from 73 ± 22 to 420 ± 95 ng g− 1 dw 
(Fig. 2a and Table S6). The concentration of alkyl-PAHs in soils did not 
exhibit significant differences between age groups, suggesting the po
tential ongoing presence of these compounds. This persistence may be 
attributed to alkyl-PAHs of coal origin, which are naturally buried in the 
soils of this region. Additionally, the study area was located 3 km from 
Ny-Ålesund, where coal mining was actively conducted from 1916 to 
1963 (Dowdall et al., 2004). Although mining activities have ceased, 
there is still the possibility of soil contamination due to the remnants of 
machinery, equipment, and waste, as well as the dispersion of coal 
residue and fine coal particles (Kozak et al., 2013). The concentration of 
alkyl-PAHs in soils exhibited a notable correlation with the SOC content 
(Fig. S2). In addition, the concentration of alkyl-PAHs at the no-runoff 
sites was approximately 2.5 times higher than that at the runoff sites 
(Fig. 2b). Among the sampling sites, ML102 had the highest concen
tration of alkyl-PAHs at 2000 ng g− 1 dw, followed by ML47 (600 ng g− 1 

dw), and ML222 (580 ng g− 1 dw) (Fig. S3). These results indicate that 
PAHs and alkyl-PAHs in soils have similar distribution patterns and 
behaviors. Among the sampling sites, ML102 was characterized by the 
highest clay content (17%) and the third-highest SOC content (0.83%). 
Previous studies have shown that clay and organic carbon contents in 
environmental media are positively correlated with the concentrations 
of organic pollutants (Li et al., 2019; Yang et al., 2010). Additionally, 
because ML102 was not affected by glacio-fluvial runoff, it was expected 
that PAHs, perylene, and alkyl-PAHs would not be washed away. Thus, it 
is believed that ML102 showed elevated concentrations of PAH, per
ylene, and alkyl-PAHs in the soil due to the influence of these factors. 
Given that the presence of vegetation in the study area may significantly 
influence the distribution, production, and transformation of PTSs (Li 
et al., 2023; Masclet et al., 1987), it is imperative to investigate the 
relationship between the quantity and type of vegetation and the dis
tribution of PTSs in this region. 

3.2. Potential sources of PCBs, PAHs, and alkyl-PAHs 

The composition of PCBs in soils predominantly featured tetra-CBs at 
most sites, indicating the potential influence of long-range transport 
(Fig. S4). This trend has also been observed in various environmental 
media in Svalbard, including sediments, vegetation, and soil (Aslam 
et al., 2019; Lee et al., 2023). This is attributed to the higher volatility of 
low-chlorinated congeners, which are more suitable for long-range 
transport (Jiao et al., 2009). Consequently, the cold and remote nature 
of the Arctic environment makes it particularly vulnerable to the accu
mulation of low-chlorinated PCBs that travel through the atmosphere. 
However, the composition of di-CBs and tri-CBs was low at all sites, 
likely influenced by temperature during sampling (Wania et al., 1998). 

The effect of glacio-fluvial runoff on PCB composition in the soils was 
minimal. The PCA results indicated that PCBs mainly originated from 
product sources, such as Aroclor, Clophen A, and Kanechlor (Fig. 3a), 
consistent with a previous study suggesting potential sources of PCBs in 
the Arctic region, such as obsolete equipment containing PCBs (Aslam 
et al., 2019). In an earlier study, potential sources of PCBs in snow 
samples from Svalbard were reported to be of product origin (Her
manson et al., 2020), whereas PCBs in sediments were assumed to 
originate from combustion (Lee et al., 2023). This variation could be 
attributed to the fate and adsorption properties of PCBs in the envi
ronmental medium, as well as the temperature at the time of sampling. 
Among the PCB congeners, PCB52 exhibited the most significant influ
ence. PCB52 is present in most commercial substances and has been 
identified as one of the most prevalent congeners in the atmospheric 
environment of Svalbard (Aslam et al., 2019; Ubl et al., 2017). 
Conversely, PCB28 showed a negative relationship with soil samples. 
PCB28 is primarily transported in a gaseous state from mid-latitudes to 
the Arctic region and is known to persist in a gaseous state in Svalbard 
(Eckhardt et al., 2007). Its concentration is closely linked to tempera
ture, suggesting potential re-volatilization from the soil to the atmo
sphere as temperature increases. Thus, PCB28 in soils collected during 
summer could exist in a gaseous state. These findings suggest that as 
temperature rises, low-molecular-weight PCBs in Arctic soils may 
volatilize back into the atmosphere. 

The PAHs in the soils predominantly consisted of low-molecular- 
weight PAHs, especially 3-ring PAHs (Fig. S4). This trend suggests that 
global distillation driven by long-range transport may predominate 
(Wania and Mackay, 1996). However, previous studies investigating the 
origin of PAHs in soils from Svalbard have indicated that although PAHs 
in this area may be influenced by long-range transport, they are pri
marily affected by local contamination from mining activities (Marquès 
et al., 2017; Na et al., 2021). The similarity in PAH composition across 
all sites suggested minimal influence from glacio-fluvial runoff. Poten
tial sources of PAHs in the soils were assessed using the PMF model. The 
PMF model results revealed that the sources of PAHs in the soils 
included diesel emission, petroleum combustion, coal combustion, and 
coal (Fig. S5). Factor 1 likely originated from diesel emissions because of 
the predominance of dibenz[a,h]anthracene (DbahA) and indeno[1,2, 
3-cd]pyrene (Harrison et al., 1996; Lee et al., 2022). Factor 2 was 
dominated by benzo[b]fluoranthene and benzo[g,h,i]perylene (BghiP), 
and petroleum combustion was identified as a potential source (Lee 
et al., 2023). Factor 3 was dominated by benzo[k]fluoranthene (BkF) 
and was assumed to originate from coal combustion (Ravindra et al., 
2008). Factor 4 was dominated by compounds such as Flu and Phe, 
which were predicted to be of coal origin (Lee et al., 2023). For soil 
samples aged 80–100 years, a combination of four factors contributed to 

Fig. 3. (a) Source identification of PCBs using principal component analysis (PCA) [source profiles for PCA from Pedersen et al. (2015)]. (b) The contribution of 
potential sources of PAHs, such as diesel emissions, petroleum combustion, coal combustion, and coal, estimated using the PMF model in soils from the glacier 
foreland of Midtre Lovénbreen, Svalbard. Data from the ML170 site in the soil were excluded due to their influence on result interpretation. 
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PAHs, with diesel emissions accounting for 44% of the dominant 
contribution (Fig. 3b and Fig. S5). These sites are located relatively close 
to Kongsfjorden, where the presence of high-molecular-weight PAHs 
originating from diesel emissions from various transportation sources is 
expected. It is important to note that areas near the Kongsfjorden 
seawater, including these sites, are affected by sea salt originating from 
that specific region (Kim et al., 2022). In soil samples aged 60–80 years, 
contamination primarily resulted from petroleum combustion (38%) 
and diesel emissions (32%). Owing to the persistence of historical pol
lutants, old soils inherently contain a blend of current and past con
taminants. In soil samples aged 40–60 years, PAHs originating from coal 
(37%) and petroleum combustion (29%) were predominant. Meanwhile, 
in soils aged 20–40 years, the significant influence of coal combustion in 
ML170 was deemed to affect the interpretation of the potential sources 
of PAHs in soils (Fig. S5). Consequently, data from ML170 were 
excluded. It was observed that the dominant source of PAHs in soils for 
20–40 years was coal, constituting 47%. Similarly, coal emerged as the 
primary PAHs source in soil samples less than 20 years old, accounting 
for 68%. Based on the analysis of PAHs composition and the PMF model 
results, it was found that the soil in this area mostly originated from coal 
and contained mainly coal-related substances. This pattern was more 
evident in younger soil samples, whereas samples older than 60 years 
were significantly influenced by human activities. This trend was further 
evident in the changes in the composition of compounds representing 
each factor (Factor 1: DbahA; Factor 2: BghiP; Factor 3: BkF; Factor 4: 
Phe), depending on soil age (Fig. S6). BkF was excluded from the 
analysis because of the disproportionately large influence of ML170, 
which could lead to misinterpretation. As the soil age increased, the 
relative composition of DbahA, BghiP, and BkF increased while the 
relative composition of Phe decreased. The Phe concentrations in all soil 
samples remained similar, suggesting a primary base material of coal 
origin. It can be inferred that it potentially changed due to the accu
mulation of compounds such as DbahA, BghiP, and BkF in soils over 
time, influenced by human activities. 

When coal is dispersed into the environment, it undergoes a process 
known as weathering, which involves physical and biochemical changes 
(Lemkau et al., 2010). The concentration of alkyl-PAHs in the soils was 
averaged for each soil age (Fig. S7), indicating elevated concentrations 
of methyl-Na. Methyl-Na can originate from biological sources as well as 
vegetation fires (Masclet et al., 1987). Although there are no reports of 
local vegetation fires in this study area, evidence suggests that this re
gion has been influenced by wild forest fires in distant areas (Pakszys 
and Zielinski, 2017). The distribution pattern of alkyl-PAHs in soils 
revealed compound-specific outcomes. This is expected because of 

differences in chemical properties, such as ionization potential, electron 
affinity, and partition coefficient of individual PAHs in the soils, leading 
to variations in their degradation and transformation (Gbeddy et al., 
2020). Notably, Na, Dbthio, and chrysene (Chr) showed similar 
bell-shaped distribution patterns, indicative of PAHs originating from 
coal sources (Hong et al., 2012). In contrast, Flu and Phe exhibited 
distinct behaviors. Specifically, C2-Flu consistently showed the highest 
concentration in soils regardless of soil age. Soil samples exposed to 
atmospheric environments for over 40 years exhibited the highest con
centrations of C4-Phe, whereas samples exposed for less than 40 years 
showed lower C4-Phe concentrations. These findings suggest that Phe 
underwent significant weathering in soils exposed to the atmosphere for 
at least 40 years. The origin of alkyl-PAHs was identified using diag
nostic double ratios (Fig. 4a). The composition of alkyl-PAHs in soils was 
found to be similar to that of bituminous coal. These results align with 
those of a previous study that reported the predominant use of bitumi
nous coal in most areas of Svalbard (Kozak et al., 2013). In addition, the 
degree of coal weathering in the soils was evaluated (Fig. 4b). 
Alkyl-PAHs in older soil samples experienced more extensive weath
ering than those in younger soils. These findings highlight the historical 
use of bituminous coal in Svalbard and the long-term impact of weath
ering on these compounds. Significant differences between the sites 
were observed in the concentrations of PCBs, PAHs, and alkyl-PAHs in 
the soils of the study area; however, their relative compositions did not 
show significant differences. Potential sources of pollutants in environ
mental samples are usually estimated based on their relative composi
tions (Chan et al., 2011; Wu et al., 2011). Thus, the concentration 
gradient of pollutants observed in this study is believed to be due to soil 
characteristics, such as organic matter content and grain size, rather 
than differences in pollutant sources. Although this study aimed to 
identify the source of pollutants under the assumption that the compo
sition of soil pollutants is constant, it is important to recognize that 
pollutants in the soil can be transformed through various physical and 
biogeochemical processes over time. Future research should consider 
the dynamic nature of pollutant fate and devise methods to accurately 
identify pollutant sources. 

3.3. Accumulation rate and flux of PTSs in soils 

The accumulation rate of PCBs in soils gradually increased as soil age 
decreased (Fig. 5a). The accumulation flux of PCBs in the soils steadily 
decreased over time. A previous study observed a decreasing trend in 
PCB concentrations in environmental samples from Svalbard since the 
mid-1990s (Aslam et al., 2019) and a gradual decrease in PCB 

Fig. 4. (a) Diagnostic double ratios (C2–Na/C3–Na and C2-Dbthio/C3-Dbthio) in soil samples from this study and coals reported in previous studies (Hindersmann 
and Achten, 2018; Pies et al., 2008; Yunker et al., 2002). (b) Diagnostic double ratios for weathering characteristics between C2-BaA + Chr/C2-Dbthio and C3-BaA +
Chr/C3-Dbthio in soil samples from the glacier foreland of Midtre Lovénbreen, Svalbard. 
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concentrations in air samples measured at the Zeppelin Observatory in 
Svalbard between 1998 and 2021 (Fig. S8). Thus, the observed pattern 
of a high accumulation rate of PCBs in younger soils could be attributed 
to the deposition of PCBs from air and aerosols onto glaciers, with 
subglacial materials persisting on the surface soil after glacier retreat 
(Birks et al., 2017; Zhang et al., 2014a). PCBs are known for their sta
bility and resistance, which means that they can remain stable even after 
accumulation in glaciers (Mil-Homens et al., 2016). They might have 
been directly absorbed into the soil rather than being transported into 
meltwater (Birks et al., 2017). In particular, highly chlorinated CBs may 
represent such trapping effects, as observed by the relatively high pro
portion of highly chlorinated CBs in relatively young soils (Fig. S4). 

Meanwhile, the concentrations of PAHs, perylene, and alkyl-PAHs in 
soils were notably higher in ML102 than in the other sites. Considering 
the potential impact on calculating the accumulation rate and flux in 
soils of the study area, data from ML102 were excluded. The accumu
lation rate of PAHs in soils increased as the soil age decreased (Fig. 5b). 
This is expected to have been influenced not only by PAHs naturally 
buried in the soils of this area but also by subglacial materials remaining 
in the soil surface layer after glacier retreat. The accumulation flux of 
PAHs in the soil was notably high in 1926–1934 and 1977–1990. It is 
assumed that 1926–1934 was immediately after the start of coal mining 
operations in Svalbard and was influenced by the active progress of the 
project (Dowdall et al., 2004). The accumulation flux of PAHs in soils 
remained constant over time and was high from 1977 to 1990, likely 
influenced by industrial activity (Garmash et al., 2013; Na et al., 2021). 

Predicting changes in the accumulation flux of PAHs in soils in this 
region is challenging because of recent human activities that have 
continuously introduced PAHs into the Svalbard region. However, there 
has been a global reduction in PAH emissions since the mid-1990s (Shen 
et al., 2013), resulting in decreased PAH concentrations at the Zeppelin 
Observatory (Fig. S8). These effects are expected to influence the 
accumulation rate and flux of PAHs in the soil of the study area. The 
accumulation rate and flux of perylene in the soils were similar to those 
of PAHs (Fig. 5c). However, for perylene and PAHs in soils, there was a 
slight difference between the accumulation rate in <20 years and the 
accumulation flux in 1977–1990. The distribution of perylene in the soil 
is expected to be more or less regionally and site-specifically distributed 
rather than increasing or decreasing over time. This suggests the need to 
investigate naturally occurring perylene, along with the identifiable 
sources of PAHs in environmental samples from the Arctic region. The 
accumulation rate of alkyl-PAHs in soils demonstrated a consistent 

pattern across all soil age groups (Fig. 5d). Additionally, the accumu
lation flux was consistently high during all the periods. Although the 
distribution of PTSs may vary based on factors such as region or envi
ronmental medium, these results indicate that coal-derived alkyl-PAHs 
are dominant throughout the Svalbard archipelago. Overall, PAHs and 
alkyl-PAHs in soils were observed to still exist at high concentrations 
because of the remains of abandoned coal mines, anthropogenic activ
ities, and naturally buried sources. However, it is still unclear whether 
the levels of alkyl-PAHs in soils represent background levels in the area 
or whether they negatively affect organisms in terrestrial ecosystems. 
While it is acknowledged that determining accumulation rates typically 
involves calculating compound stocks considering factors such as bulk 
density and stone content of the soils (Čupr et al., 2010), this study 
focused solely on computing the concentration change rate of the soils. 
Despite its limitations, this approach offers valuable insights into the 
variations in PTS concentrations across different soil age groups. 

3.4. Comparison with previous studies 

The concentrations of PCBs and PAHs in soils from the Midtre 
Lovénbreen, Svalbard, were compared with those of other previously 
reported polar regions (Table 1). The concentration of PCBs in soils in 
this study was approximately three times lower than that in soils from 
Ny-Ålesund and London Island in the same region, as reported in a 
previous study (Zhu et al., 2015). Additionally, the concentrations of 
PCBs in soils obtained from this study were lower than those in Pyr
amiden and Bjørnøya but higher than those in Longyearbyen, Svalbard 
(Ockenden et al., 2003; Jartun et al., 2009). When compared to soils 
from the Canadian Arctic, the concentration of PCBs in soils in the 
present study was approximately eight times lower than that of soils 
from the Distant Early Warning Line, similar to Cornwallis Island, but 
lower than that of Melville Island, where the concentration was 
approximately four times higher (Cabrerizo et al., 2018; Stow et al., 
2005). The concentrations of PAHs in soils from this study were low 
compared to previously reported soils from Ny-Ålesund, Billefjorden, 
and Pyramiden in Svalbard (Gulińska et al., 2003; Marquès et al., 2017; 
Wang et al., 2009). In addition, in the Russian Arctic, the concentrations 
of PAHs in soils from this study area were low, except on Vilkitsky Island 
(Abakumov et al., 2015; Ji et al., 2019). While the number of targeted 
PCBs and PAHs in this study differed from those in previous studies, the 
total concentrations of PCBs and PAHs in soils from the Midtre 
Lovénbreen in Svalbard were observed to be lower than those in soils 

Fig. 5. Accumulation rate and flux of (a) PCBs, (b) PAHs, (c) perylene, and (d) alkyl-PAHs in soil samples from the glacier foreland of Midtre Lovénbreen, Svalbard. 
Data from the ML102 site were excluded. 
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from other Arctic regions. 
In this study, we conducted a more precise analysis of the distribu

tion patterns of PCBs and PAHs at 45 densely sampled soil sites within 
the study area. This approach demonstrated that even within the same 
region, PTS concentrations can vary due to factors such as clay content, 
SOC content, glacio-fluvial runoff influence, and vegetation. Addition
ally, this study identified the distribution of emerging PAHs in the soil, 
which has not been widely analyzed in previous studies (Lee et al., 
2023). Emerging PAHs are known to have similar origins, environ
mental distributions, and potential toxicities as EPA PAHs (Cha et al., 
2019; Lee et al., 2023). Future studies should assess the contamination 
of emerging PAHs that have not been frequently monitored in Arctic 
soils. 

4. Conclusion 

This study investigated the chronological distribution and potential 
sources of PTSs in soils from the glacier foreland of Midtre Lovénbreen, 
Spitsbergen in Svalbard. The concentration pattern of PTSs in the soil is 
influenced by global efforts to regulate and reduce PCBs and PAHs. The 
continued detection of PTSs in relatively young soils may be attributed 
to their refractory characteristics, ongoing release, and natural origin. 
More detailed investigations are required to ascertain whether the 
sources of PTSs in soils are primarily local or are introduced through 
long-range transport. Among the local sources, it is important to deter
mine whether they are natural or anthropogenic. Furthermore, it is 
essential to evaluate the potential deformations caused by physical- 
chemical interactions, such as photooxidation, resulting from the long- 
range transport of PTSs. The findings of this study provide novel in
sights into the accumulation patterns, fate, and origin of PTSs, consid
ering soil age and the influence of glacio-fluvial runoff. 
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foreland of Midtre Lovénbreen, Svalbard, Arctic. Ecol. Indicat. 126, 107704 https:// 
doi.org/10.1016/j.ecolind.2021.107704. 

Wang, Z., Ma, X., Na, G., Lin, Z., Ding, Q., Yao, Z., 2009. Correlations between 
physicochemical properties of PAHs and their distribution in soil, moss and reindeer 
dung at Ny-Ålesund of the Arctic. Environ. Pollut. 3132–3136. https://doi:10.1016/j 
.envpol.2009.05.014. 

Wania, F., Haugen, J.-E., Lei, Y.D., Mackay, D., 1998. Temperature dependence of 
atmospheric concentrations of semivolatile organic compounds. Environ. Sci. 
Technol. 32, 1013–1021. https://doi.org/10.1021/es970856c. 

Wania, F., Mackay, D., 1996. Tracking the distribution of persistent organic pollutants. 
Environ. Sci. Technol. 30, 390–396. 

Wania, F., Westgate, J.N., 2008. On the mechanism of mountain cold-trapping of organic 
chemicals. Environ. Sci. Technol. 42, 9092–9098. https://doi.org/10.1021/ 
es8013198. 

Wilcke, W., 2007. Global patterns of polycyclic aromatic hydrocarbons (PAHs) in soil. 
Geoderma 141, 157–166. https://doi.org/10.1016/j.geoderma.2007.07.007. 

Wild, B., Schnecker, J., Alves, R.J.E., Barsukov, P., Bárta, J., Čapek, P., Gentsch, N., 
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Supplementary Text 

Soil Organic Carbon, Total Nitrogen, and Grain Size Distributions. The soil organic 

carbon (SOC) content from the Midtre Lovénbreen glacier foreland ranged from 0.07% to 

0.96%, with a mean of 0.37% (Fig. S1 and Table S1) (Kim et al., 2022). SOC contents were 

notably observed to increase with soil age, attributed to processes such as glacier retreat, soil 

exposure, vegetation establishment, and more organic matter accumulation. Specifically, it is 

expected that the SOC content, relative to soil age, would be predominantly influenced by the 

frequency of vegetation presence, including lichens, bryophytes, Saxifraga oppositifolia, and 

Salix Polaris (Kim et al., 2022). The SOC content was approximately 1.7 times higher in no-

runoff sites than in runoff sites. Noteworthy among the no-runoff sites were ML120 (0.96%), 

ML71 (0.87%), and ML102 (0.83%), which exhibited high SOC content. The SOC content in 

Arctic regions is mainly influenced by increased vegetation cover in the surface layer (Wietrzyk 

et al., 2018). Similarly, the total nitrogen (TN) content in the soil showed an increasing trend 

across the chronological sequence of soil samples. TN content is generally affected by 

cyanobacteria and organic debris from plants in soil samples (Pessi et al., 2019). The C/N ratio in 

the soils ranged from 9.3 to 23, with a mean of 14 (Fig. S1) (Kim et al., 2022). Soil organic 

matter (SOM) in the soils in this study area was mainly identified as being in a state of 

mineralization or equilibrium. The mineralization of SOM in the soil is significantly influenced 

by regional temperature, with slower processes occurring at temperatures below 10 ℃ (Brust, 

2019; Leirós et al., 1999). Given that the annual temperature in Svalbard is –12 to 5.2 ℃, SOM 

mineralization in the soil from this study area is expected to be relatively slow (Førland et al., 

2011). The average grain size composition of the soils was 70% sand, 25% silt, and 5.0% clay 

(Fig. S1) (Kim et al., 2022). Soil samples from the runoff sites showed higher sand content, 

likely due to the washout of lighter silt and clay. These variations in grain size could affect SOC 

through the differential transport and distribution of particles. Thus, the influence of glacio-

fluvial runoff in this study area is expected to be a key factor in altering and shaping soil 

properties. 
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Supplementary Tables 

Table S1. Overview of sampling locations and properties of soil samples from the glacier foreland of Midtre Lovénbreen, Svalbard. 
Data for soil organic carbon, total nitrogen, and grain size were reported in a previous study (Kim et al., 2022). 

Samples Sampling 
date 

Latitude 
(ºN) 

Longitude 
(ºE) 

Soil age 
(year) 

Retreat 
year 

SOCa 
(%) 

TNb 
(%) 

Sand 
(%) 

Silt 
(%) 

Clay 
(%) 

Runoff/ 
No-runoff 

ML 6 2014.07.22 78.9057 12.0766 88 1926 0.19 0.01 88 10 2.3 No-runoff 
ML 204 2014.07.09 78.8993 12.1083 88 1926 0.33 0.02 89 8.8 2.6 Runoff 
ML 263 2014.07.09 78.8960 12.1054 85 1929 0.71 0.04 68 29 3.1 No-runoff 
ML 66 2014.07.17 78.9028 12.0264 84 1930 0.68 0.04 84 15 1.6 No-runoff 
ML 10 2014.07.17 78.9051 12.0437 83 1931 0.39 0.02 61 32 6.8 No-runoff 
ML 177 2014.07.09 78.9002 12.1007 81 1933 0.25 0.02 53 38 9.6 No-runoff 
ML 71 2014.07.14 78.9033 12.0873 80 1934 0.87 0.06 58 32 10 No-runoff 
ML 20 2014.07.22 78.9050 12.0792 77 1937 0.49 0.04 86 12 1.7 No-runoff 
ML 25 2014.07.22 78.9047 12.0708 73 1941 0.31 0.02 78 13 8.5 No-runoff 
ML 37 2014.07.17 78.9039 12.0371 72 1942 0.39 0.04 66 28 6.2 No-runoff 
ML 298 2014.07.09 78.8915 12.0952 71 1943 0.44 0.03 60 32 8.5 No-runoff 
ML 47 2014.07.22 78.9040 12.0781 70 1944 0.67 0.06 70 27 2.7 No-runoff 
ML 130 2014.07.13 78.9015 12.0896 66 1948 0.40 0.03 85 11 3.4 Runoff 
ML 62 2014.07.22 78.9034 12.0734 65 1949 0.52 0.03 85 14 1.8 Runoff 
ML 279 2014.07.09 78.8942 12.0940 65 1949 0.16 0.01 90 8.0 1.6 Runoff 
ML 60 2014.07.16 78.9034 12.0619 64 1950 0.75 0.05 54 36 10 No-runoff 
ML 102 2014.07.17 78.9017 12.0294 64 1950 0.83 0.03 42 42 17 No-runoff 
ML 149 2014.07.13 78.9009 12.0875 63 1951 0.07 0.01 98 1.6 0.80 Runoff 
ML 81 2014.07.17 78.9025 12.0369 62 1952 0.26 0.02 93 5.3 1.7 No-runoff 
ML 84 2014.07.16 78.9027 12.0660 59 1955 0.20 0.01 90 7.9 2.4 No-runoff 
ML 141 2014.07.14 78.9011 12.0821 58 1956 0.07 0.005 97 1.3 1.8 Runoff 
ML 103 2014.07.14 78.9021 12.0712 57 1957 0.59 0.03 62 31 6.9 No-runoff 
ML 222 2014.07.12 78.8984 12.0910 57 1957 0.64 0.04 55 34 11 No-runoff 
ML 93 2014.07.16 78.9022 12.0457 54 1960 0.07 0.01 90 7.7 1.8 Runoff 
ML 120 2014.07.14 78.9016 12.0728 54 1960 0.96 0.04 66 27 7.5 No-runoff 
ML 132 2014.07.14 78.9013 12.0739 53 1961 0.56 0.03 50 38 12 No-runoff 
ML 231 2014.07.12 78.8979 12.0887 51 1963 0.31 0.02 78 19 3.4 No-runoff 
ML 253 2014.07.12 78.8966 12.0920 49 1965 0.20 0.01 86 13 0.96 No-runoff 
ML 124 2014.07.16 78.9013 12.0476 48 1966 0.44 0.02 57 34 9.0 No-runoff 
ML 266 2014.07.12 78.8956 12.0910 48 1966 0.44 0.02 88 10 1.8 Runoff 
ML 138 2014.07.16 78.9009 12.0593 45 1969 0.31 0.02 46 47 7.5 Runoff 
ML 252 2014.07.12 78.8967 12.0888 45 1969 0.17 0.01 93 6.0 1.2 Runoff 
ML 157 2014.07.15 78.9004 12.0650 44 1970 0.24 0.02 79 19 2.0 Runoff 



S4 

 

ML 182 2014.07.15 78.8997 12.0715 44 1970 0.29 0.01 60 33 6.5 No-runoff 
ML 292 2014.07.10 78.8925 12.0899 42 1972 0.28 0.02 53 40 7.1 No-runoff 
ML 225 2014.07.13 78.8981 12.0772 37 1977 0.13 0.01 60 33 6.5 No-runoff 
ML 274 2014.07.10 78.8947 12.0856 37 1977 0.34 0.02 54 37 9.0 No-runoff 
ML 191 2014.07.15 78.8993 12.0646 36 1978 0.41 0.03 60 35 5.0 No-runoff 
ML 170 2014.07.16 78.8998 12.0445 35 1979 0.15 0.01 89 9.7 1.6 No-runoff 
ML 237 2014.07.13 78.8975 12.0769 33 1981 0.22 0.02 59 33 7.9 Runoff 
ML 287 2014.07.10 78.8931 12.0832 25 1989 0.30 0.02 35 60 4.6 No-runoff 
ML 245 2014.07.13 78.8970 12.0730 24 1990 0.18 0.01 68 29 2.7 Runoff 
ML 302 2014.07.15 78.8975 12.0523 11 2003 0.14 0.01 52 36 12 No-runoff 
ML 301 2014.07.15 78.8967 12.0632 8 2006 0.24 0.01 50 47 2.6 No-runoff 
ML 303 2014.07.15 78.8964 12.0476 3 2011 0.11 0.01 50 39 11 No-runoff 

a SOC: Soil organic carbon. 
b TN: Total nitrogen. 
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Table S2. Target compounds, abbreviations, and target ions in instrumental analysis and method 
detection limits and recoveries of surrogate standards. 
Target compounds Abbreviation 

 
Quantification 

ion 
Confirmation 

ion 
Method 

detection limit 
(ng g−1 dw) 

Polychlorinated biphenyls (PCBs) 
2,4'-Dichlorobiphenyl CB 8 222 224 0.01 
2,4,4'-Trichlorobiphenyl  CB 28 256 258 0.03 
2,2',5,5'-Tetrachlorobiphenyl  CB 52 292 290 0.02 
2,2',4,5'-Tetrachlorobiphenyl  CB 49 292 290 0.02 
2,2',3,5'-Tetrachlorobiphenyl  CB 44 292 290 0.03 
3,4,4'-Trichlorobiphenyl  CB 37 256 258 0.02 
2,4,4',5-Tetrachlorobiphenyl  CB 74 292 290 0.02 
2,3',4',5-Tetrachlorobiphenyl  CB 70 292 290 0.01 
2,3',4,4'-Tetrachlorobiphenyl  CB 66 292 290 0.03 
2,3,4,4'-Tetrachlorobiphenyl  CB 60 292 290 0.03 
2,2',4,5,5'-Pentachlorobiphenyl  CB 101 326 324 0.02 
2,2',4,4',5-Pentachlorobiphenyl  CB 99 326 328 0.02 
2,2',3,4,5'-Pentachlorobiphenyl  CB 87 292 290 0.02 
3,3',4,4'-Tetrachlorobiphenyl  CB 77 326 256 0.01 
2,2',3,3',4-Pentachlorobiphenyl  CB 82 338 340 0.03 
2,3',4,4',5-Pentachlorobiphenyl  CB 118 326 328 0.03 
2,3,4,4',5-Pentachlorobiphenyl  CB 114 326 328 0.02 
2,2',4,4',5,5'-Hexachlorobiphenyl  CB 153 360 362 0.02 
2,3,3',4,4'-Pentachlorobiphenyl  CB 105 326 324 0.02 
2,2',3,3',5,6,6'-Heptachlorobiphenyl  CB 179 396 398 0.03 
2,2',3,4,4',5'-Hexachlorobiphenyl  CB 138 360 362 0.02 
2,3,3',4,4',6-Hexachlorobiphenyl  CB 158 326 328 0.03 
3,3',4,4',5-Pentachlorobiphenyl  CB 126 360 362 0.02 
2,3,4,4',5,6-Hexachlorobiphenyl  CB 166 394 396 0.02 
2,2',3,4',5,5',6-Heptachlorobiphenyl  CB 187 394 396 0.02 
2,2',3,4,4',5',6-Heptachlorobiphenyl  CB 183 360 362 0.02 
2,2',3,3',4,4'-Hexachlorobiphenyl  CB 128 360 362 0.02 
2,3,3',4,4',5-Hexachlorobiphenyl  CB 156 360 362 0.02 
2,2',3,4,4',5,5'-Heptachlorobiphenyl  CB 180 394 396 0.03 
3,3',4,4',5,5'-Hexachlorobiphenyl  CB 169 360 362 0.03 
2,2',3,3',4,4',5-Heptachlorobiphenyl  CB 170 394 396 0.03 
2,3,3',4,4',5,5'-Heptachlorobiphenyl  CB 189 394 396 0.03 

Polycyclic aromatic hydrocarbons (PAHs) 
Acenaphthylene Acl 152 151 0.06 
Acenaphthene Ace 153 154 0.12 
Fluorene Flu 166 165 0.15 
Phenanthrene Phe 178 176 0.06 
Anthracene Ant 178 176 0.07 
Fluoranthene Fl 202 200 0.09 
Pyrene Py 202 200 0.12 
11H-benzo[a]fluorene 11BaF 216 215 0.04 
11H-benzo[b]fluorene 11BbF 216 215 0.04 
Benzo[b]naphtho[2,3-d]furan BBNF 218 189 0.32 
Benzo[a]anthracene BaA 228 226 0.06 
Chrysene Chr 228 226 0.03 
Benzo[b]naphtho[2,1-d]thiophene BBNT 234 235 0.12 
4,5-Methanochrysene 4,5MC 239 240 2.0 
5-Methylbenzo[a]anthracene 5MBA 242 241 0.20 
1-Methylchrysene 1MC 242 241 0.14 
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7-Methylbenz[a]anthracene 7MbA 242 241 0.09 
Benzo[b]fluoranthene BbF 252 253 0.08 
Benzo[k]fluoranthene BkF 252 253 0.20 
Benzo[j]fluoranthene BjF 252 253 0.52 
Benzo[a]pyrene BaP 252 253 0.09 
Perylene Pery 252 264 0.23 
7,12-Dimethylbenz[a]anthracene 7,12DbA 256 241 0.05 
10-Methylbenzo[a]pyrene 10MbA 266 256 0.32 
20-Methylcholanthrene 20Mc 268 252 0.12 
Indeno[1,2,3-cd]pyrene IcdP 276 138 0.09 
Benzo[g,h,i]perylene BghiP 276 138 0.12 
Dibenz[a,h]anthracene DbahA 278 276 0.07 

Alkylated PAHs (alkyl-PAHs) 
1-Methylnaphthalene 1-Na 142 141  
2-Methylnaphthalene 2-Na 142 141  
1,3-Dimethylnaphthalene 1,3-Na 156 141  
1,4,5-Trimethylnaphthalene 1,4,5-Na 170 155  
1,2,5,6-Tetramethylnaphthalene 1,2,5,6-Na 184 169  
1-Methylfluorene 1-Flu 180 165  
9-Methylfluorene 9-Flu 180 165  
Dibenzothiophene Dbthio 184 185  
2-Methyldibenzothiophene 2-Dbthio 198 197  
2,4-Dimethyldibenzothiophene 2,4-Dbthio 212 197  
2,4,7-Trimethyldibenzothiophene  2,4,7-Dbthio 226 211  
3-Methylphenanthrene 3-Phe 192 191  
2-Methylphenanthrene 2-Phe 192 191  
1,6-Dimethylphenanthrene 1,6-Phe 206 191  
1,2-Dimethylphenanthrene 1,2-Phe 206 191  
1,2,9-Trimethylphenanthrene 1,2,9-Phe 220 -  
1,2,6,9-Tetramethylphenanthrene 1,2,6,9-Phe 234 219  
3-Methylchrysene 3-Chr 242 239  
6-Ethylchrysene 6-Ethyl-Chr 256 241  
1,3,6-Trimethylchrysene 1,3,6-Chr 252 264  

Internal standard 
2-Fluorobiphenyl IS 172 171  

Surrogate standards Quantification 
ion 

Confirmation 
ion 

Surrogate 
recovery (%, 
mean ± SD) 

Polychlorinated biphenyls (PCBs) 
13C-labeled CB 28  268 270 80 ± 18 
13C-labeled CB 52  304 302 99 ± 6 
13C-labeled CB 101  326 328 84 ± 18 
13C-labeled CB 153  372 374 109 ± 7 
13C-labeled CB 138  360 362 90 ± 6 
13C-labeled CB 180  406 408 94 ± 7 
13C-labeled CB 209  510 512 92 ± 8 

Polycyclic aromatic hydrocarbons (PAHs) 
Acenaphthene-d10 Ace-d10 164 162 83 ± 6 
Phenanthrene-d10 Phe-d10 188 189 98 ± 11 
Chrysene-d12 Chr-d12 240 236 94 ± 20 
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Table S3. Instrumental conditions of GC-MSD for PCBs, PAHs, and alkyl-PAHs analyses. 
Instrument GC: Agilent Technologies 7890B, MSD: Agilent Technologies 5977B 
Analytical column DB-5MS (30 m × 0.25 mm i.d. × 0.25 μm film) 
Carrier gas Helium 
Flow rate 1.0 mL min−1 
Injection volume 1.0 μL 
Mass range 50–600 m/z 
Ion source temperature 230 ℃ 
Ionization mode EI mode (70 eV)  
Oven temperature PCBs 60 ℃ (hold 1 min) →  

5 ℃ min−1 to 140 ℃ (hold 1 min) → 
30 ℃ min−1 to 200 ℃ (hold 1 min) → 
4 ℃ min−1 to 250 ℃ (hold 5 min) → 
10 ℃ min−1 to 300 ℃ (hold 1 min) 

PAHs 60 ℃ (hold 2 min) →  
6 ℃ min−1 to 300 ℃ (hold 13 min) 

Alkyl-PAHs 60 ℃ (hold 2 min) →  
6 ℃ min−1 to 162 ℃ (hold 0 min) → 
2 ℃ min−1 to 168 ℃ (hold 0 min) → 
6 ℃ min−1 to 300 ℃ (hold 13 min) 
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Table S4. Concentrations of polychlorinated biphenyls (PCBs) in soil samples from the glacier 
foreland of Midtre Lovénbreen, Svalbard. 

Samples Concentrations of PCBs (ng g–1 dw) 
CB 8 CB 28 CB 37 CB 52 CB 49 CB 44 CB 74 CB 70 CB 66 

ML 6 0.10 0.03 ND 0.09 0.22 0.26 0.02 0.02 ND 
ML 204 0.08 ND ND 0.04 0.23 0.30 ND 0.01 ND 
ML 263 0.01 0.03 0.08 0.04 0.09 ND ND ND ND 
ML 66 0.03 ND ND 0.06 0.08 0.09 ND 0.01 ND 
ML 10 0.01 ND ND 0.09 0.13 0.10 0.02 ND ND 
ML 177 0.02 ND ND 0.06 0.16 0.15 ND 0.01 ND 
ML 71 0.04 0.05 ND 0.08 0.08 0.05 ND 0.01 0.04 
ML 20 0.04 ND ND 0.06 0.11 0.13 0.02 0.01 ND 
ML 25 0.03 0.03 ND 0.07 0.10 0.16 ND ND ND 
ML 37 0.03 0.03 ND 0.07 0.08 0.04 ND 0.02 ND 
ML 298 0.03 ND ND 0.03 0.07 0.10 ND 0.01 ND 
ML 47 0.10 ND ND 0.09 0.14 0.08 0.02 0.03 ND 
ML 130 0.01 ND ND 0.03 0.12 ND ND 0.01 ND 
ML 62 0.04 ND ND 0.05 0.11 0.06 0.02 ND ND 
ML 279 0.02 ND ND ND 0.06 0.07 0.03 0.02 ND 
ML 60 0.08 ND ND 0.03 0.09 0.05 0.05 0.02 ND 
ML 102 0.04 ND ND 0.10 0.21 0.18 ND 0.03 ND 
ML 149 0.02 0.03 ND 0.06 0.06 0.05 0.02 0.01 ND 
ML 81 0.07 ND ND 0.03 0.06 0.10 ND ND ND 
ML 84 0.02 0.04 ND 0.09 0.12 0.20 ND 0.03 ND 
ML 141 0.02 ND 0.04 0.05 0.09 0.15 ND ND ND 
ML 103 0.04 ND ND 0.08 0.15 0.22 0.02 ND ND 
ML 222 0.07 ND ND 0.06 0.15 0.14 ND ND ND 
ML 93 0.01 ND ND ND 0.08 0.12 ND ND ND 
ML 120 0.06 ND ND 0.12 0.15 0.27 ND 0.02 0.03 
ML 132 0.08 0.03 ND 0.05 0.14 0.10 ND ND ND 
ML 231 0.05 ND ND 0.06 0.09 0.12 ND ND ND 
ML 253 0.01 ND ND 0.07 0.08 0.06 ND 0.01 ND 
ML 124 0.06 ND ND 0.05 0.04 ND ND ND ND 
ML 266 0.02 ND 0.02 ND 0.09 0.07 ND ND ND 
ML 138 0.04 ND 0.04 0.07 0.08 0.17 ND ND ND 
ML 252 0.01 ND 0.03 0.05 0.08 ND ND ND ND 
ML 157 0.03 ND ND 0.06 0.08 0.08 ND ND ND 
ML 182 0.06 ND ND 0.05 0.09 0.08 ND ND ND 
ML 292 0.03 ND ND 0.03 0.10 0.14 ND ND ND 
ML 225 0.04 ND ND 0.05 0.07 0.10 ND ND ND 
ML 274 0.02 ND ND 0.07 0.13 0.10 ND 0.01 ND 
ML 191 0.02 ND ND 0.06 0.11 0.16 ND 0.02 ND 
ML 170 0.01 ND 0.02 0.04 0.08 0.06 0.03 0.03 0.03 
ML 237 0.06 ND ND 0.05 0.12 0.09 ND ND ND 
ML 287 0.02 ND ND 0.04 0.09 0.10 ND ND ND 
ML 245 0.01 ND ND 0.03 0.04 ND 0.03 ND ND 
ML 302 0.01 ND ND ND 0.03 0.03 ND ND ND 
ML 301 0.03 ND ND ND 0.004 ND ND ND ND 
ML 303 NDa ND ND ND ND ND ND 0.01 ND 
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Table S4. (Continued). 
Samples Concentrations of PCBs (ng g–1 dw) 

CB 60 CB 77 CB 101 CB 99 CB 87 CB 82 CB 118 CB 114 CB 105 
ML 6 ND ND 0.04 ND 0.02 ND ND ND ND 
ML 204 0.03 0.03 0.06 ND 0.04 ND ND ND ND 
ML 263 ND 0.02 0.05 ND ND ND ND ND ND 
ML 66 0.03 ND 0.02 ND ND 0.04 ND ND ND 
ML 10 ND ND 0.02 ND ND ND ND ND ND 
ML 177 0.04 0.02 ND ND ND ND ND ND 0.02 
ML 71 0.05 0.03 0.03 ND ND ND ND ND 0.03 
ML 20 ND 0.02 0.02 ND ND ND ND ND ND 
ML 25 ND ND ND ND ND ND ND ND ND 
ML 37 0.05 0.03 ND ND ND ND ND ND ND 
ML 298 ND 0.02 ND ND ND 0.03 ND ND ND 
ML 47 0.04 0.04 0.05 ND 0.02 ND ND ND ND 
ML 130 ND 0.01 0.02 ND ND 0.07 ND ND ND 
ML 62 ND 0.02 0.03 0.05 ND ND ND ND 0.02 
ML 279 0.03 ND ND ND ND ND ND ND ND 
ML 60 ND 0.02 ND 0.03 ND ND ND ND ND 
ML 102 0.04 0.02 0.05 ND 0.02 ND ND ND 0.06 
ML 149 0.04 0.03 0.03 ND ND ND ND ND ND 
ML 81 ND ND ND ND ND ND ND ND ND 
ML 84 ND ND ND ND ND 0.03 ND ND ND 
ML 141 ND ND 0.02 ND ND ND ND ND 0.03 
ML 103 ND 0.06 0.03 ND ND ND ND ND ND 
ML 222 ND 0.02 ND ND ND ND ND ND ND 
ML 93 ND 0.03 0.03 ND ND ND ND ND ND 
ML 120 ND 0.02 0.05 ND 0.02 ND ND 0.02 ND 
ML 132 0.03 ND ND ND ND ND ND ND ND 
ML 231 ND 0.02 ND ND ND ND 0.03 0.04 ND 
ML 253 ND ND ND ND ND ND ND 0.02 0.02 
ML 124 ND 0.02 0.03 ND ND 0.08 ND ND ND 
ML 266 ND 0.03 0.04 ND ND ND ND 0.02 ND 
ML 138 0.04 ND ND ND ND ND ND ND ND 
ML 252 ND ND 0.05 ND 0.02 ND ND ND ND 
ML 157 ND 0.02 0.02 ND ND ND ND 0.02 0.04 
ML 182 ND 0.02 0.06 ND ND ND ND ND ND 
ML 292 ND ND 0.03 ND ND ND ND 0.04 ND 
ML 225 ND 0.01 ND ND ND ND ND ND ND 
ML 274 ND 0.03 ND ND ND ND ND 0.02 ND 
ML 191 ND 0.03 ND ND ND ND ND 0.03 ND 
ML 170 ND 0.01 0.07 ND ND ND ND ND 0.03 
ML 237 ND 0.02 ND ND ND ND ND 0.03 ND 
ML 287 ND 0.01 0.03 ND ND ND ND ND ND 
ML 245 ND 0.01 0.03 ND ND ND ND ND ND 
ML 302 ND 0.02 0.04 ND ND ND ND ND ND 
ML 301 ND 0.02 ND ND ND ND ND ND ND 
ML 303 ND 0.02 ND ND ND ND ND 0.03 ND 
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Table S4. (Continued). 
Samples Concentrations of PCBs (ng g–1 dw) 

CB 126 CB 153 CB 138 CB 158 CB 166 CB 128 CB 156 CB 169 CB 179 
ML 6 0.06 0.02 ND ND ND 0.02 ND 0.03 ND 
ML 204 0.03 ND ND ND ND 0.02 0.06 0.04 ND 
ML 263 0.09 ND ND ND ND 0.02 0.11 0.03 ND 
ML 66 0.03 ND ND ND 0.05 ND ND ND ND 
ML 10 0.06 0.04 ND ND ND 0.03 0.05 ND ND 
ML 177 ND ND ND ND ND ND 0.03 ND ND 
ML 71 0.06 0.02 ND ND 0.04 ND 0.08 0.04 ND 
ML 20 0.06 0.03 ND ND ND 0.07 0.02 ND ND 
ML 25 0.06 ND ND ND ND ND 0.03 ND ND 
ML 37 0.04 ND ND ND 0.09 ND 0.11 0.05 ND 
ML 298 ND ND ND ND ND ND 0.08 ND ND 
ML 47 ND ND ND ND ND ND 0.02 0.04 ND 
ML 130 ND ND ND ND 0.05 ND ND ND ND 
ML 62 0.05 ND ND ND 0.03 ND ND ND ND 
ML 279 0.04 0.03 0.03 ND 0.04 0.03 ND ND ND 
ML 60 0.05 0.02 ND ND ND ND 0.06 ND ND 
ML 102 0.06 ND ND ND ND 0.02 0.03 0.04 ND 
ML 149 0.04 ND ND ND ND ND ND ND ND 
ML 81 0.09 ND ND ND ND ND ND ND ND 
ML 84 0.03 ND ND ND 0.03 ND 0.06 ND ND 
ML 141 ND ND ND ND 0.05 ND ND ND ND 
ML 103 ND ND ND ND ND ND 0.07 0.04 ND 
ML 222 0.06 ND ND ND ND ND 0.04 ND ND 
ML 93 0.08 0.02 ND ND ND 0.03 0.03 ND ND 
ML 120 0.05 0.03 ND ND 0.03 ND ND 0.04 ND 
ML 132 ND 0.03 0.02 ND ND 0.02 ND ND ND 
ML 231 0.06 ND ND ND ND 0.06 0.05 ND ND 
ML 253 0.06 ND ND ND ND 0.04 ND ND ND 
ML 124 ND ND ND ND 0.05 0.03 0.08 ND ND 
ML 266 ND ND ND ND ND ND 0.05 ND ND 
ML 138 ND ND ND ND 0.03 ND 0.04 ND ND 
ML 252 0.05 ND ND ND ND ND ND ND ND 
ML 157 0.13 ND ND ND ND 0.03 ND ND ND 
ML 182 0.05 ND ND ND ND ND ND ND ND 
ML 292 0.05 0.03 ND ND ND ND ND ND ND 
ML 225 0.06 0.02 ND ND ND 0.02 0.03 ND ND 
ML 274 ND 0.02 ND ND 0.04 ND 0.03 ND ND 
ML 191 0.04 0.04 ND ND ND ND ND ND ND 
ML 170 0.05 ND ND ND ND ND ND ND ND 
ML 237 0.05 0.03 ND ND ND 0.04 ND ND ND 
ML 287 ND ND ND ND ND ND 0.02 ND ND 
ML 245 ND 0.03 ND ND 0.02 0.04 0.06 ND ND 
ML 302 0.07 0.03 ND ND ND ND 0.05 ND ND 
ML 301 0.04 ND ND ND ND 0.04 0.08 ND ND 
ML 303 ND 0.02 0.02 ND ND 0.03 0.03 ND ND 
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Table S4. (Continued). 
Samples Concentrations of PCBs (ng g–1 dw) 

CB 187 CB 183 CB 180 CB 170 CB 189 SUM 
ML 6 ND ND ND ND 0.04 0.97 
ML 204 0.05 ND 0.04 ND ND 1.07 
ML 263 0.03 0.03 0.06 ND ND 0.68 
ML 66 0.05 0.11 0.06 ND ND 0.65 
ML 10 ND ND ND ND ND 0.56 
ML 177 ND ND ND ND ND 0.51 
ML 71 ND ND ND ND ND 0.73 
ML 20 ND ND ND ND ND 0.61 
ML 25 ND ND ND ND ND 0.49 
ML 37 ND ND ND ND ND 0.63 
ML 298 ND ND ND ND ND 0.37 
ML 47 ND ND ND ND 0.05 0.73 
ML 130 ND 0.02 0.06 ND 0.12 0.53 
ML 62 ND 0.06 ND ND ND 0.54 
ML 279 ND ND ND ND ND 0.39 
ML 60 ND ND ND ND ND 0.50 
ML 102 ND ND ND ND 0.16 1.1 
ML 149 ND ND ND ND ND 0.43 
ML 81 ND ND ND ND ND 0.35 
ML 84 ND ND ND ND ND 0.66 
ML 141 0.08 0.04 0.04 ND ND 0.60 
ML 103 0.08 0.03 ND ND ND 0.82 
ML 222 0.16 0.12 ND ND ND 0.82 
ML 93 ND ND ND ND ND 0.44 
ML 120 0.06 ND ND ND ND 0.97 
ML 132 0.08 ND ND 0.08 ND 0.67 
ML 231 ND ND ND ND ND 0.57 
ML 253 ND 0.15 0.12 ND 0.12 0.77 
ML 124 0.07 0.09 ND ND ND 0.60 
ML 266 ND ND ND ND ND 0.35 
ML 138 0.02 ND ND 0.04 ND 0.56 
ML 252 0.03 ND 0.12 0.11 0.09 0.64 
ML 157 ND ND ND ND ND 0.50 
ML 182 ND ND ND ND ND 0.40 
ML 292 ND ND ND ND ND 0.44 
ML 225 ND ND ND ND ND 0.41 
ML 274 ND ND ND ND ND 0.48 
ML 191 ND ND ND ND ND 0.51 
ML 170 ND ND ND ND ND 0.48 
ML 237 ND ND ND ND ND 0.47 
ML 287 ND ND ND ND ND 0.31 
ML 245 ND ND ND ND ND 0.30 
ML 302 0.03 ND ND ND ND 0.30 
ML 301 ND ND 0.04 ND ND 0.33 
ML 303 0.04 ND ND ND ND 0.25 

a ND: Not detected. 



S12 

 

Table S5. Concentrations of polycyclic aromatic hydrocarbons (PAHs) in soil samples from the 
glacier foreland of Midtre Lovénbreen, Svalbard. 

Samples Concentrations of PAHs (ng g–1 dw) 
Acl Ace Flu Phe Ant Fl Py 11BaF 11BbF BBNF 

ML 6 1.7 3.9 5.1 27 2.0 3.8 4.7 3.2 0.75 3.0 
ML 204 0.87 2.4 4.8 24 1.5 4.3 3.8 4.0 0.56 1.2 
ML 263 0.64 1.8 3.7 13 1.2 2.5 2.0 3.0 0.27 0.43 
ML 66 1.3 2.9 5.6 25 1.6 3.6 4.0 5.8 0.59 1.0 
ML 10 0.95 2.4 5.6 17 0.89 4.5 3.6 3.7 0.48 0.55 
ML 177 1.1 3.5 7.3 42 2.2 9.0 12 4.4 1.7 2.9 
ML 71 1.2 3.1 5.5 27 2.0 4.1 4.7 4.4 0.90 1.1 
ML 20 0.78 2.7 6.1 19 1.4 2.6 2.2 2.7 0.36 0.47 
ML 25 0.78 2.7 5.6 20 1.1 2.9 3.2 2.7 0.50 0.68 
ML 37 0.71 2.1 4.5 14 1.3 2.2 2.2 2.5 0.27 0.45 
ML 298 0.36 1.6 4.4 11 0.49 1.8 1.4 0.59 0.08 NDa 
ML 47 1.6 4.5 6.1 28 2.3 3.6 4.0 3.4 0.59 1.0 
ML 130 0.25 1.4 2.5 9.4 0.92 1.2 1.1 0.11 0.06 ND 
ML 62 0.27 1.6 3.4 9.3 0.19 1.2 1.2 0.25 0.09 ND 
ML 279 0.28 1.1 2.7 7.8 0.49 1.5 1.2 0.49 0.07 ND 
ML 60 1.2 3.2 3.7 24 1.9 3.3 3.6 4.0 0.62 1.1 
ML 102 5.1 9.8 19 140 9.0 27 42 22 9.7 18 
ML 149 0.24 1.3 3.2 7.2 0.49 0.97 0.78 0.08 0.04 ND 
ML 81 1.1 2.6 5.1 24 1.7 4.2 4.8 3.6 0.74 1.2 
ML 84 0.37 1.5 3.0 10 0.55 1.5 1.3 1.3 0.16 ND 
ML 141 0.20 1.1 3.0 6.8 0.50 0.86 0.72 0.12 0.06 ND 
ML 103 0.71 2.4 4.9 20 1.1 3.0 3.9 2.5 0.47 0.73 
ML 222 1.8 4.6 10 68 4.1 15 18 7.1 3.1 5.6 
ML 93 0.34 1.5 4.0 11 0.21 1.3 1.4 0.33 0.15 ND 
ML 120 0.94 3.0 4.5 24 0.30 3.2 3.8 1.8 0.43 0.61 
ML 132 1.3 3.3 5.2 30 1.3 3.7 4.1 2.4 0.82 1.1 
ML 231 0.67 2.0 4.5 20 1.4 3.8 4.0 2.0 0.51 0.92 
ML 253 0.70 1.8 3.3 12 0.84 1.8 1.6 3.6 0.20 0.38 
ML 124 0.26 1.3 2.4 7.8 0.64 0.90 0.86 0.22 0.05 ND 
ML 266 0.25 1.3 3.7 9.3 0.46 1.4 1.0 0.24 0.11 ND 
ML 138 0.87 2.2 4.0 16 0.95 2.4 2.2 3.3 0.32 0.52 
ML 252 0.56 1.6 3.0 15 0.48 1.9 1.5 0.57 0.18 0.47 
ML 157 0.72 2.0 3.9 18 1.1 2.5 2.6 1.1 0.39 0.57 
ML 182 1.4 3.7 5.5 32 1.6 4.3 4.6 2.1 0.87 1.3 
ML 292 0.22 1.4 3.9 9.9 0.46 1.3 0.99 0.23 0.07 ND 
ML 225 1.0 3.1 6.3 28 1.9 4.1 5.2 1.9 0.97 1.7 
ML 274 1.2 2.8 4.3 26 1.5 3.4 4.1 1.8 0.73 1.3 
ML 191 0.32 1.4 3.5 11 0.63 1.6 1.4 0.40 0.12 ND 
ML 170 0.36 1.4 3.9 11 1.0 1.4 1.2 0.79 0.16 ND 
ML 237 0.60 1.8 3.7 15 0.73 2.2 2.4 0.84 0.44 0.73 
ML 287 0.16 1.1 3.3 7.6 0.57 1.2 1.0 0.17 NDa ND 
ML 245 0.54 1.7 3.0 15 1.1 2.1 2.4 0.40 0.27 0.47 
ML 302 0.17 1.4 3.5 9.5 0.39 1.5 1.3 0.06 0.07 ND 
ML 301 0.19 1.4 3.9 9.9 0.40 1.5 0.98 0.20 0.05 ND 
ML 303 0.29 1.4 3.2 12 0.27 1.7 1.7 0.44 0.13 0.33 
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Table S5. (Continued). 
Samples Concentrations of PAHs (ng g–1 dw) 

BaA Chr BBNT 4,5MC 5MBA 1MC 7MbA BbF BkF BjF 
ML 6 3.9 4.9 2.1 ND 0.61 0.70 0.23 3.6 2.9 1.9 
ML 204 1.1 1.7 0.50 ND 0.29 0.46 ND 2.6 0.41 ND 
ML 263 0.47 0.76 0.15 ND ND 0.17 ND 1.8 1.3 ND 
ML 66 0.88 1.2 0.24 ND ND 0.52 ND 2.5 0.40 ND 
ML 10 0.99 1.2 0.28 ND ND 0.24 ND 3.7 0.94 0.81 
ML 177 3.5 3.3 0.15 ND 0.81 0.67 ND 9.1 1.3 0.90 
ML 71 1.1 1.4 0.14 ND ND 0.35 ND 3.4 0.65 ND 
ML 20 0.45 0.85 0.26 ND ND 0.17 ND 1.3 0.24 ND 
ML 25 0.88 1.1 0.23 ND 0.25 0.22 ND 2.3 0.53 ND 
ML 37 0.52 0.49 0.16 ND ND 0.17 ND 1.3 0.26 ND 
ML 298 0.13 0.28 ND ND ND ND ND 0.49 ND ND 
ML 47 0.79 1.3 0.14 ND ND 0.35 ND 1.9 1.3 ND 
ML 130 0.07 0.27 ND ND ND ND ND 0.38 ND ND 
ML 62 0.16 0.35 ND ND ND ND ND 0.62 ND ND 
ML 279 0.10 0.33 ND ND ND ND ND 0.47 ND ND 
ML 60 0.85 1.2 0.19 ND ND 0.30 ND 3.8 0.58 ND 
ML 102 15 13 1.2 2.3 3.9 5.0 0.61 61 12 9.4 
ML 149 0.09 0.38 ND ND ND ND ND 0.29 ND ND 
ML 81 0.88 1.1 0.15 ND ND 0.54 ND 2.8 0.62 ND 
ML 84 0.11 0.30 0.14 ND ND ND ND 0.73 ND ND 
ML 141 0.08 0.16 ND ND ND ND ND 0.31 0.53 ND 
ML 103 0.58 0.84 0.15 ND ND 0.18 ND 1.9 0.30 ND 
ML 222 5.3 5.5 0.39 ND 1.1 0.97 0.18 16 2.8 3.0 
ML 93 0.15 0.26 0.20 ND ND ND ND 0.68 ND ND 
ML 120 0.46 0.83 0.13 ND ND 0.21 ND 1.6 0.32 ND 
ML 132 0.86 1.5 0.19 ND 0.42 0.27 ND 1.7 0.42 ND 
ML 231 0.85 1.1 0.17 ND 0.20 0.18 ND 2.9 1.2 0.70 
ML 253 0.32 0.49 0.12 ND ND 0.15 ND 0.66 0.34 ND 
ML 124 0.08 0.10 ND ND ND ND ND 0.33 ND ND 
ML 266 0.12 0.40 ND ND ND ND ND 0.53 0.49 ND 
ML 138 0.36 0.55 ND ND ND 0.18 ND 0.97 0.97 ND 
ML 252 0.44 0.66 0.16 ND ND ND ND 0.71 0.34 ND 
ML 157 0.30 0.82 ND ND ND ND ND 1.2 0.57 ND 
ML 182 0.87 1.3 0.14 ND ND 0.23 ND 1.8 0.50 ND 
ML 292 0.03 0.21 ND ND ND ND ND 0.35 0.21 ND 
ML 225 1.5 1.4 0.23 ND 0.27 0.30 ND 2.9 0.89 0.53 
ML 274 1.1 0.95 0.19 ND 0.53 0.49 ND 1.7 1.0 ND 
ML 191 0.12 0.43 ND ND ND ND ND 0.59 ND ND 
ML 170 0.14 0.38 ND ND ND ND ND 12 37 12 
ML 237 0.59 0.73 0.16 ND ND 0.17 ND 1.2 0.31 ND 
ML 287 0.09 0.12 ND ND ND ND ND 0.34 ND ND 
ML 245 0.48 0.67 0.14 ND ND ND ND 0.72 0.62 ND 
ML 302 0.13 0.21 0.12 ND ND ND ND 0.56 0.37 ND 
ML 301 0.09 0.33 ND ND ND ND ND 0.43 ND ND 
ML 303 0.26 0.29 ND ND ND ND ND 0.77 0.28 ND 
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Table S5. (Continued). 
Samples Concentrations of PAHs (ng g–1 dw) 

BaP Pery 7,12DbA 10MbA 20MC IcdP BghiP DbahA SUMb 
ML 6 1.9 6.2 0.22 0.82 ND 3.3 3.6 7.3 93 
ML 204 0.38 5.0 0.15 ND ND 0.44 0.76 0.70 57 
ML 263 0.39 1.6 0.06 ND ND 0.17 0.40 0.10 34 
ML 66 0.48 18 0.21 ND ND 0.48 1.4 0.30 60 
ML 10 0.49 5.3 0.15 ND ND 0.42 0.75 0.36 50 
ML 177 1.2 110 0.22 ND ND 1.2 10 0.81 120 
ML 71 0.47 1 0.16 ND ND 0.56 2.5 0.35 66 
ML 20 0.30 7.1 0.05 ND 0.13 0.21 0.67 0.36 44 
ML 25 0.47 10 0.05 ND ND 0.40 1.7 0.33 49 
ML 37 0.27 6.1 0.06 ND ND 0.22 0.64 0.19 35 
ML 298 0.10 0.45 ND ND ND ND ND ND 23 
ML 47 0.34 12 0.12 ND ND 0.28 2.0 0.21 63 
ML 130 ND 4.8 ND ND ND ND 0.16 ND 18 
ML 62 0.09 9.1 ND ND ND 0.10 0.47 0.12 19 
ML 279 ND 0.44 ND ND ND ND ND ND 17 
ML 60 0.44 7.4 0.28 ND ND 0.39 1.8 ND 57 
ML 102 11 670 3.5 2.1 1.2 14 96 10 570 
ML 149 ND 1.6 ND ND ND ND ND ND 15 
ML 81 0.35 18 0.21 ND ND 0.43 1.8 0.23 58 
ML 84 0.20 1.5 ND ND ND ND 0.27 0.07 22 
ML 141 ND 1.6 ND ND ND ND ND ND 14 
ML 103 0.21 6.3 0.06 ND ND 0.22 1.1 0.19 46 
ML 222 2.3 110 0.50 1.1 0.18 2.5 20 2.7 200 
ML 93 0.18 3.2 ND ND ND 0.09 0.21 ND 22 
ML 120 0.31 13 ND ND ND 0.11 0.77 ND 47 
ML 132 0.25 9.1 0.07 ND ND 0.23 0.95 0.20 60 
ML 231 0.51 14 0.16 ND ND 0.25 1.2 0.34 50 
ML 253 0.10 1.8 ND ND ND ND 0.18 0.09 29 
ML 124 ND 2.9 ND ND ND ND 0.12 ND 15 
ML 266 0.10 1.0 ND ND ND ND 0.12 ND 20 
ML 138 0.18 2.1 0.06 ND ND 0.09 0.41 0.07 37 
ML 252 0.16 2.6 ND ND ND ND 0.30 0.13 28 
ML 157 0.23 11 0.06 ND ND ND 0.55 ND 37 
ML 182 0.21 8.1 0.12 ND ND 0.12 0.88 0.14 64 
ML 292 0.05 1.0 ND ND ND ND ND ND 19 
ML 225 0.37 35 0.11 ND ND 0.48 3.3 0.65 67 
ML 274 0.31 5.5 0.21 ND ND 0.15 0.88 0.19 55 
ML 191 0.10 1.0 ND ND ND ND 0.15 ND 22 
ML 170 0.10 2.9 0.31 ND ND 0.09 0.33 ND 84 
ML 237 0.26 6.4 0.05 ND ND 0.17 0.58 0.17 32 
ML 287 ND 1.2 ND ND ND ND 0.08 ND 16 
ML 245 0.11 1.8 ND ND ND 0.11 0.28 0.15 30 
ML 302 0.09 1.6 ND ND ND ND 0.15 ND 20 
ML 301 0.22 1.3 ND ND ND ND 0.14 ND 20 
ML 303 0.09 5.8 ND ND ND ND 0.28 ND 24 

a ND: Not detected. 
b: Sum of concentrations of PAHs except for perylene. 
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Table S6. Concentrations of alkyl-PAHs in soil samples from the glacier foreland of Midtre 
Lovénbreen, Svalbard. 

Samples Concentrations of alkyl-PAHs (ng g–1 dw) 
C1-Na C2-Na C3-Na C4-Na C1-Flu C2-Flu Dbthio C1-Dbthio C2-Dbthio 

ML 6 50 61 76 5.1 9.0 24 0.13 5.2 2.6 
ML 204 22 33 48 3.6 4.7 9.1 0.09 4.1 1.9 
ML 263 14 22 35 2.7 3.4 7.6 0.08 3.6 1.7 
ML 66 38 64 93 6.9 5.7 12 0.20 7.3 2.9 
ML 10 17 28 44 3.4 4.6 9.7 0.10 4.2 2.3 
ML 177 59 61 69 5.5 8.0 11 0.15 6.0 2.1 
ML 71 44 54 61 4.2 7.1 12 0.09 5.2 3.0 
ML 20 24 31 42 3.1 3.9 9.2 0.11 4.2 2.3 
ML 25 24 33 43 3.3 4.5 9.7 0.09 4.0 2.1 
ML 37 16 27 45 3.6 4.2 9.6 0.08 3.8 1.8 
ML 298 6.8 9.6 12 1.1 2.9 6.4 0.04 1.9 0.95 
ML 47 43 57 78 5.5 9.8 32 0.18 6.2 3.3 
ML 130 9.2 11 11 1.1 2.7 6.0 0.03 1.7 0.95 
ML 62 9.1 11 12 1.2 2.9 7.3 0.05 1.8 1.4 
ML 279 5.9 7.8 9.4 0.9 1.8 4.8 0.02 1.4 0.78 
ML 60 41 53 63 4.3 5.0 11 0.15 5.6 3.8 
ML 102 110 220 480 46 26 34 1.6 50 11 
ML 149 5.3 5.3 5.4 0.7 2.2 5.0 0.02 1.2 0.60 
ML 81 29 49 88 7.2 5.3 11 0.20 7.6 2.6 
ML 84 8.3 13 19 1.6 2.9 7.6 0.04 2.4 1.4 
ML 141 4.9 5.3 5.8 0.7 2.1 5.1 0.02 1.3 0.69 
ML 103 21 29 38 2.9 4.7 9.6 0.09 4.0 2.3 
ML 222 78 83 100 8.0 12 14 0.20 7.9 2.3 
ML 93 9.1 12 15 1.4 3.2 7.8 0.04 2.4 1.5 
ML 120 25 35 45 3.5 5.9 11 0.08 4.5 2.5 
ML 132 55 63 62 3.9 5.4 9.9 0.11 4.8 3.1 
ML 231 18 23 31 2.6 4.2 7.3 0.05 3.0 1.3 
ML 253 18 28 42 3.0 3.1 7.0 0.06 3.7 1.3 
ML 124 7.1 9.5 12 1.2 3.0 6.0 0.03 1.9 0.74 
ML 266 6.4 7.6 7.5 0.8 2.4 5.2 0.02 1.3 0.88 
ML 138 30 37 46 3.0 3.7 7.9 0.08 3.8 2.0 
ML 252 27 24 19 1.3 2.6 6.0 0.04 2.3 1.8 
ML 157 19 28 33 2.4 3.8 7.7 0.08 3.3 2.1 
ML 182 71 71 66 4.0 5.7 10 0.11 5.2 4.1 
ML 292 4.7 5.3 5.8 0.7 2.4 6.1 0.03 1.5 0.85 
ML 225 41 41 49 4.1 6.1 8.7 0.03 4.3 1.9 
ML 274 50 52 50 3.3 4.5 9.4 0.11 4.5 3.2 
ML 191 9.3 11 13 1.1 2.7 6.0 0.04 1.7 1.0 
ML 170 8.4 11 16 1.4 2.7 6.4 0.04 2.2 0.87 
ML 237 22 23 25 1.9 3.5 7.0 0.04 2.6 1.9 
ML 287 2.6 3.6 4.4 0.6 2.1 5.3 0.02 1.4 0.83 
ML 245 16 19 20 1.6 3.1 7.7 0.04 2.3 1.5 
ML 302 4.8 5.3 5.2 0.7 3.0 6.4 0.03 1.6 1.2 
ML 301 5.2 5.9 6.0 0.8 2.5 6.5 0.02 1.4 1.1 
ML 303 10 13 18 1.8 3.2 6.6 0.03 2.5 1.3 
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Table S6. (Continued). 
Samples Concentrations of alkyl-PAHs (ng g–1 dw) 

C3-Dbthio C1-Phe C2-Phe C3-Phe C4-Phe C1-Chr C2-Chr C3-Chr SUM 
ML 6 1.0 28 42 64 98 5.1 25 45 540 
ML 204 0.87 16 21 54 90 5.9 33 8.9 360 
ML 263 1.3 10 15 46 80 2.9 22 7.0 270 
ML 66 1.4 23 31 82 140 7.6 43 13 570 
ML 10 1.1 14 20 60 150 5.2 32 9.2 400 
ML 177 1.0 22 24 42 34 11 31 8.6 400 
ML 71 1.9 19 23 55 66 6.6 30 12 400 
ML 20 1.1 12 16 48 100 3.8 24 6.8 340 
ML 25 1.4 14 18 47 67 4.8 24 7.2 310 
ML 37 0.84 10 15 43 62 3.1 20 6.9 270 
ML 298 0.49 3.5 5.5 19 18 1.2 6.8 2.3 98 
ML 47 1.7 37 64 93 89 5.3 23 57 600 
ML 130 0.43 3.7 5.2 14 5.0 1.9 7.3 2.1 82 
ML 62 0.69 3.6 5.6 17 4.8 2.0 9.2 3.0 92 
ML 279 0.44 3.0 4.5 15 14 1.1 6.7 1.9 79 
ML 60 1.9 23 27 69 110 8.5 40 11 480 
ML 102 3.8 110 130 220 330 50 150 50 2000 
ML 149 0.37 1.5 2.6 8.8 1.0 0.78 3.8 1.1 46 
ML 81 1.2 21 27 63 100 6.5 32 9.4 460 
ML 84 0.72 5.9 9.1 29 36 2.0 13 4.1 160 
ML 141 0.35 1.9 3.1 9.6 2.0 0.90 4.0 1.0 49 
ML 103 1.2 12 16 35 42 3.6 17 6.5 240 
ML 222 1.2 31 33 64 69 17 49 14 580 
ML 93 0.63 3.7 6.2 18 5.7 1.7 8.6 2.7 100 
ML 120 1.2 16 19 49 61 6.2 28 9.7 320 
ML 132 1.9 21 21 38 33 7.5 24 7.6 360 
ML 231 0.50 10 12 33 45 4.1 21 6.8 220 
ML 253 0.83 11 16 53 100 3.0 25 7.9 320 
ML 124 0.31 3.1 4.5 14 8.3 1.5 6.1 2.1 81 
ML 266 0.49 2.4 3.5 11 4.2 1.1 4.9 1.6 62 
ML 138 1.0 14 17 50 83 3.8 22 6.7 330 
ML 252 0.99 7.8 8.2 18 11 2.6 9.2 2.7 140 
ML 157 1.2 9.8 11 23 17 3.9 14 4.3 180 
ML 182 2.3 22 22 39 29 7.3 20 6.6 380 
ML 292 0.56 2.2 3.7 13 4.5 0.85 5.2 1.6 59 
ML 225 0.91 13 14 26 23 5.2 17 5.4 260 
ML 274 2.0 17 20 43 22 8.1 22 9.3 320 
ML 191 0.45 4.1 6.0 14 7.7 2.0 7.2 2.2 90 
ML 170 0.40 4.1 5.9 18 18 1.7 20 3.3 120 
ML 237 1.0 6.8 8.1 19 8.8 2.9 9.6 3.7 150 
ML 287 0.44 1.7 3.3 11 4.0 0.73 3.9 1.4 48 
ML 245 0.77 7.8 9.4 20 9.9 2.8 9.2 4.1 140 
ML 302 0.65 1.8 3.4 11 2.1 1.1 3.9 1.4 54 
ML 301 0.63 2.2 3.8 12 5.0 1.0 6.3 2.2 63 
ML 303 0.56 4.0 6.6 17 8.4 1.8 7.6 1.8 100 
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Supplementary Figures 

 

Fig. S1. (a) Correlation between soil organic carbon content (%) and soil age, (b) the ratio of soil 
organic carbon to total nitrogen associated with soil age, and (c) the relative composition of sand, 
silt, and clay in soils from the glacier foreland of Midtre Lovénbreen, Svalbard. Data for soil 
organic carbon, total nitrogen, and grain size were reported in a previous study (Kim et al., 
2022).  
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Fig. S2. Correlations between soil organic carbon content (%) and (a) PCBs, (b) PAHs, (c) 
perylene, and (d) alkyl-PAHs in soil samples from the glacier foreland of Midtre Lovénbreen, 
Svalbard. Data for soil organic carbon were reported in a previous study (Kim et al., 2022). 
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Fig. S3. Spatial distribution of (a) PCBs, (b) PAHs, (c) perylene, and (d) alkyl-PAHs in soil 
samples from the glacier foreland of Midtre Lovénbreen, Svalbard. The spatial distribution of 
PTSs in soils was estimated using qGIS software. The concentrations of the detected compounds 
are represented on a logarithmic scale. 
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Fig. S4. Relative compositions of (a) PCBs and (b) PAHs in soil samples from the glacier 
foreland of Midtre Lovénbreen, Svalbard. 
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Fig. S5. (a) Source factors (Factor 1: diesel emission, Factor 2: petroleum combustion, Factor 3: 
coal combustion, and Factor 4: coal) estimated using the positive matrix factorization (PMF) 
model for PAHs in soil samples from the glacier foreland of Midtre Lovénbreen, Svalbard. (b) 
Contributions of each source to PAHs in the soil samples. 
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Fig. S6. Relative contributions of dibenz[a,h]anthracene (DbahA), benzo[g,h,i]perylene (BghiP), 
benzo[k]fluoranthene (BkF), and phenanthrene (Phe) to soil age. Data for the ML170 site in the 
soil were excluded due to their influence on result interpretation. 
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Fig. S7. Relative compositions of alkyl-PAHs in soil samples from the glacier foreland of Midtre 
Lovénbreen, Svalbard. 
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Fig. S8. Concentrations of (a) PCBs and (b) PAHs in air and aerosol samples measured at the 
Zeppelin Observatory in the Arctic Svalbard. All data on PCBs and PAHs in the air samples were 
obtained from the EBAS database of the Norwegian Institute for Air Research 
(http://ebas.nilu.no/). 
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