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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Great AhR-mediated potency was 
observed in sediments around the 
abandoned coal mines.

• PAHs in sediments were found to origi
nate primarily from coal and coal 
combustion.

• BbA and 1 MC were identified as the 
major AhR agonists in Kongsfjorden 
sediments.

• 48 AhR agonist candidates were derived 
through NTS; 27 were coal-derived 
substances.
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A B S T R A C T

In this study, we aimed to identify the major aryl hydrocarbon receptor (AhR) agonists in surface sediments 
(S1–S10, n = 10) from Kongsfjorden, Arctic Svalbard, using effect-directed analysis. High AhR-mediated po
tencies were observed in the mid-polar fractions and RP-HPLC subfractions (F2.6–F2.8; log KOW 5–8) in the 
sediments of sites S2 and S3, which are located near abandoned coal mine areas, as assessed by the H4IIE-luc 
bioassay. The concentrations of traditional polycyclic aromatic hydrocarbon (t-PAHs), emerging PAHs, alkyl- 
PAHs, and styrene oligomers ranged from 6.1 to 2100 ng g− 1 dry weight (dw), 0.5–1000 ng g− 1 dw, 47 to 
79,000 ng g− 1 dw, and 4.2–130 ng g− 1 dw, respectively, with elevated levels in S2 and S3. Principal component 
analysis coupled with multiple linear regression suggested that t-PAHs in sediments primarily originated from 
coal, petroleum combustion, and coal combustion. Twenty-four target AhR agonists accounted for 3.2%–100% 
(mean = 47%) of the total AhR-mediated potencies in S2 and S3. Nontarget screening via GC-QTOFMS in the 
highly potent fractions identified 48 AhR agonist candidates through four-step selection criteria. Among these, 
27 compounds were identified as coal-derived substances. VirtualToxLab in silico modeling predicted that most 
of the 48 tentative AhR agonist candidates could bind to AhR. Overall, our findings indicate significant 
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contamination of the Kongsfjorden sediments by coal-derived substances, highlighting the need for further 
studies to assess the ecological risks associated with these contaminants.

1. Introduction

Ny-Ålesund in Spitsbergen, located in the Svalbard archipelago of 
Norway, is one of the northernmost inhabited locations in the world, 
surrounded by remote areas and glaciers (Dowdall et al., 2004; Han 
et al., 2022; Jiao et al., 2009). The environment of Ny-Ålesund is home 
to a variety of plants (e.g., moss) and animals (e.g., polar bears and 
reindeer), as well as existing mineral resources (e.g., coal) (Dowdall 
et al., 2004; Han et al., 2022). Persistent toxic substances (PTSs) in 
various environmental media in Ny-Ålesund have a history of contam
ination due to long-distance transport through the atmosphere and 
ocean currents (Cha et al., 2024; Lee et al., 2023; Vecchiato et al., 2018). 
Additionally, local pollution sources such as past coal mining activities, 
research, and tourism have contributed to the contamination of PTSs in 
this area (Jiao et al., 2009). Ny-Ålesund was an active coal mining area 
in the early to mid-20th century (Dowdall et al., 2004). Although mining 
operations ceased entirely following a mining explosion, abandoned 
equipment and coal piles remain in the area (Dowdall et al., 2004). 
Ny-Ålesund functions as an international scientific base for Arctic 
environmental research, and local pollution from human activities 
continues (Jiao et al., 2009). As a result, the concentrations of PTSs in 
sediments from Kongsfjorden are relatively elevated compared to other 
fjords in Svalbard (Lin et al., 2022; Pouch et al., 2017).

Representative PTSs resulting from anthropogenic activities include 
polycyclic aromatic hydrocarbons (PAHs) and styrene oligomers (SOs) 
(Lee et al., 2022). PAHs are generated from various sources such as coal, 
crude oil, incomplete combustion of fossil fuels, and metal smelting 
(Ghosh et al., 2015). SOs are known to be produced by the thermal 
decomposition of polystyrene plastics (Hong et al., 2016). Some PAHs 
and SOs are known to act as aryl hydrocarbon receptor (AhR) agonists 
(Eichbaum et al., 2014). AhR mediates the toxic effects of certain toxic 
substances and can cause carcinogenicity and developmental toxicity in 
organisms (Eichbaum et al., 2014; Hong et al., 2016; Xiao et al., 2017). 
The assessment of AhR-mediated potencies in environmental samples 
has been performed using in vitro bioassay with cell lines such as 
H4IIE-luc (Cha et al., 2019; Choi et al., 2024; Gwak et al., 2022). 
Effect-based monitoring using in vitro bioassay can overcome the limi
tations of target chemical analysis, which cannot measure the mixture 
effects of compounds and unknown toxic substances (Neale et al., 2023). 
This method is expected to be useful in assessing the potential biological 
effects of natural and anthropogenic pollutants in the Arctic environ
ment, but its application remains limited.

Effect-directed analysis (EDA) has been employed to identify major 
causative substances in complex environmental samples, such as sedi
ments (Hashmi et al., 2018; Hong et al., 2016). EDA combines bioassays 
to identify active fractions, reduces sample complexity through frac
tionation, and determines major toxicants in the highly potent fractions 
via chemical analysis (Hong et al., 2023). Target chemical analysis using 
mass spectrometers (MS) is used to detect specific toxic substances in 
environmental samples with high selectivity and sensitivity (Moschet 
et al., 2017). However, target chemical analysis has limitations in 
providing comprehensive information on all the compounds in envi
ronmental samples (Masclet et al., 1986; Sim et al., 2022). To overcome 
this, nontarget screening (NTS) is performed using high-resolution MS 
(Hong et al., 2023). NTS can theoretically detect many compounds in 
samples without preselecting analytes or using reference standards 
(Bletsou et al., 2015; Masiá et al., 2014). Representative high-resolution 
MS systems include quadrupole time-of-flight (QTOF) MS and Orbitrap 
MS, which provide sensitive spectral data with high mass resolution and 
accurate mass values (mass error < 5 ppm) (Ccanccapa-Cartagena et al., 
2019). EDA combined with NTS is a powerful tool for identifying 

unmonitored toxicants in samples. It has been applied to various envi
ronmental samples, such as dust (Yu et al., 2018), wastewater (Sim et al., 
2022), river water (Ccanccapa-Cartagena et al., 2019), and sediments 
(Cha et al., 2019).

Studies identifying major toxicants in the environmental media of 
Arctic Svalbard have been rare to date. This study hypothesizes that 
sediments from Kongsfjorden are contaminated with AhR-active sub
stances due to various human activities and that major toxicants can be 
identified using EDA and NTS. The specific objectives are to: i) investi
gate AhR-mediated potencies in sediments from Kongsfjorden, ii) 
determine the distribution and sources of PTSs in sediments, iii) evaluate 
the contribution of target AhR agonists to the total induced AhR- 
mediated potencies, iv) select tentative AhR agonists through NTS, 
and v) predict the toxicities of tentative AhR agonists using in silico 
modeling.

2. Materials and methods

2.1. Sample collection

In July 2022, ten surface sediments (S1–S10, n = 10) were collected 
from Kongsfjorden, Svalbard. In addition, coal residues (S2-1, S3-1, and 
S4-1) were collected from land areas near sites S2, S3, and S4 (Fig. 1a). 
Site S2 is historically significant as a former miners’ habitation area, and 
remnants such as containers and equipment remain today (Fig. S1). Sites 
S3 and S4 are located near an abandoned mine where coal debris was 
also found. Furthermore, international research bases near S2 and S3 
could potentially contribute to anthropogenic contaminants. The surface 
sediment and coal samples were stored in glass bottles, kept in an icebox, 
and frozen at − 20 ◦C until laboratory analysis.

2.2. Analysis of organic carbon and total nitrogen contents

To quantify organic carbon (OC) contents, approximately 1 g of 
sediment was treated with 1 M HCl (Sigma-Aldrich, St. Louis, MO) to 
remove inorganic carbon. Following acid treatment, distilled water was 
added to neutralize the remaining acid, and the supernatant was 
removed by centrifugation. The sample was then freeze-dried. OC con
tent was analyzed using an elemental analyzer (EA; Vario ISOTOPE 
cube, Elementar, Hanau, Germany). The total nitrogen (TN) content in 
the sediment was determined without any pretreatment (Ra et al., 
2014).

2.3. Organic extraction and fractionation

The sediments were freeze-dried, sieved through a 1 mm mesh, and 
homogenized prior to use. Twenty grams of sediment from S1–S10 and 
coal samples from S2-1–S4-1 were extracted with dichloromethane 
(DCM, Honeywell, Charlotte, NC) using an accelerated solvent extractor 
(Dionex ASE 350, Thermo Scientific, Salt Lake, UT). To remove sulfur 
from the raw extracts (REs), activated copper was added, and the 
mixture was allowed to react for about 1 h. After the reaction, the REs 
were concentrated to a final volume of 2 mL using a rotary evaporator 
and a nitrogen gas concentrator. The REs were then split, with 1.5 mL 
allocated for silica gel fractionation and 0.5 mL reserved for bioassays. 
For the bioassays, the REs were solvent-exchanged to dimethyl sulfoxide 
(DMSO, Sigma-Aldrich).

A two-step fractionation process was performed to reduce the 
complexity of the samples. First, silica gel fractionation based on po
larity was conducted. The REs were loaded onto a silica gel column 
containing 8 g of activated silica gel (Sigma-Aldrich) and eluted with 30 
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mL of hexane (F1, non-polar fraction), 60 mL of hexane:DCM (8:2) (F2, 
mid-polar fraction), and 50 mL of DCM:acetone (6:4) (F3, polar frac
tion). The eluted fractions were concentrated to 1.5 mL. In the second 
step, the 1 mL silica gel fraction was subjected to reverse-phase high- 
performance liquid chromatography (RP-HPLC) fractionation. Detailed 
RP-HPLC conditions are provided in Table S1.

2.4. H4IIE-luc in vitro bioassay

The AhR binding affinity in sediment organic extracts, silica gel 
fractions, and RP-HPLC fractions was measured using H4IIE-luc re
combinant cells (Table S2). Cells were detached using trypsin, and then 
250 μL of cells were dispensed into 96-well plates at a concentration of 
7.0 × 104 cells mL− 1. The cells were incubated at 37 ◦C with 5% CO2 for 
24 h and then exposed to the controls, REs, and fractions. Benzo[a] 
pyrene (BaP) was used as the positive control, 0.1% DMSO as the 
negative control, and the culture medium as the control. The initial 
concentration of BaP was set at 50 nM (=100% BaPmax) and then diluted 
by 3 times, and exposed to a total of six concentrations. Luciferase 
luminescence was measured using a Victor X3 multilabel plate reader 
(PerkinElmer, Waltham, MA) after 4 h exposure. The bioassay results 
were converted to a percentage of the maximum BaP response. Potency- 
based BaP-equivalent concentrations (BaP-EQs) in the sediment sub
fractions were calculated from the dose-response relationship. To ensure 
reproducibility, all samples were tested in triplicate during the bioassay.

2.5. Target chemical analysis

Target chemical analysis was conducted for 15 traditional PAHs (t- 
PAHs), 14 emerging PAHs (e-PAHs), 20 alkyl-PAHs, and 10 SOs using 
gas chromatography (GC; Agilent 7890B, Agilent Technologies, Santa 
Clara, CA) coupled with a 5977B mass selective detector (MSD; Agilent 
Technologies). The instrumental conditions for the GC-MSD, full names 
of compounds, and method detection limits are provided in Tables S3 
and S4. The recovery rates of surrogate standards (SS) were measured to 
assess any potential loss of compounds during the experimental process. 
Isotopically labeled SS (acenaphthene-d10, phenanthrene-d10, and 
chrysene-d12) were added to the procedural blank and sediment sam
ples, and the recovery rates of the SS ranged from 67 to 105% and 
70–110%, respectively.

2.6. Nontarget screening of highly potent fractions

NTS was conducted using GC-QTOFMS on RP-HPLC subfractions that 
exhibited high AhR-mediated potencies. The instrumental conditions for 
the GC-QTOFMS are provided in Table S5. Tentative AhR agonists were 
identified through four-step selection criteria. First, all chromatographic 
peaks from the sediment samples were identified (Schymanski et al., 
2014). Second, these peaks were matched to compounds in the NIST 
library (Gwak et al., 2022). Third, compounds with a match score of 80 
or higher were selected (Zedda and Zwiener, 2012). Finally, tentative 
AhR agonist candidates with three or more aromatic rings were identi
fied (Cheng et al., 2024).

2.7. Potency balance analysis

Potency balance analysis was conducted by comparing instrument- 
derived BaP-EQs (BaP-EQchem) with bioassay-derived BaP-EQs (BaP- 
EQbio) for the same sample in order to assess the contribution of indi
vidual AhR agonists to the overall AhR-mediated potency. BaP-EQchem 
was calculated as the sum of the products of concentrations and relative 
potency values (RePs) for individual compounds, as reported in previous 
studies (details are provided in Table S6).

2.8. Principal component analysis with multiple linear regression

Principal component analysis with multiple linear regression (PCA- 
MLR) was conducted to identify the sources of t-PAHs in the sediments 
(Hopke, 2003), using the concentrations of 15 t-PAHs, excluding 
naphthalene (Na). The factor loading and score matrices can be derived 
from the t-PAH concentration dataset. This equation was adapted from a 
previous study (Feng et al., 2014), where X represents the PAH con
centration matrix, L is the factor loading matrix, and T is the factor score 
matrix (Eq. (1)). 

X= L × T (Eq. 1) 

The factor loading matrix facilitates the identification of potential 
source categories, and PCA scores are derived from the factor score 
matrix. The contribution of each source to the total PAHs load in sedi
ments can be quantified by applying MLR to the PCA scores. The PCA- 
MLR employed varimax rotation and Kaiser normalization to identify 
the contributing factors for PAHs. Only factors with eigenvalues of 1 or 
greater were considered as main components (Qishlaqi and Beiramali, 
2019). To confirm the stability of the variables for PCA, the 

Fig. 1. (a) Map showing the sampling sites in Kongsfjorden. The samples of surface sediments (S1–S10, n = 10) and coal (S2–S4, n = 3) were collected in July 2022. 
(b) AhR-mediated potencies in raw organic extracts of sediments from Kongsfjorden The significant level was calculated by dividing the standard deviation of the 
RLU value of the solvent control group by the RLU value of the maximum concentration of the positive control group (Gray shade: greater AhR-mediated potencies; 
Error bar: mean ± standard deviation; n = 3).
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Kaiser–Meyer–Olkin (KMO) test was conducted, yielding a measure 
exceeding 0.5, which meets the suitability criteria.

2.9. VirtualToxLab and VEGA QSARs in silico modeling

The AhR binding affinities of the AhR agonist candidates were pre
dicted using the in silico modeling tool VirtualToxLab. VirtualToxLab 
utilizes flexible docking combined with multi-dimensional QSAR to 
predict the binding affinities of compounds to target proteins based on 
linear regression relationships. These relationships are established be
tween the biotoxicity values of known chemicals (expressed logarith
mically) and their molecular structure descriptors, which are used to 
create the training dataset (Vedani et al., 2015). The VEGA platform, 
another in silico tool, includes dozens of QSAR models for various 
toxicological endpoints. In this study, the VEGA QSAR was used to 
predict androgen receptor (AR), estrogen receptor (ER), glucocorticoid 
receptor (GR), thyroid hormone receptor (TR) activities, mutagenicity, 
developmental toxicity, and carcinogenicity for the tentative AhR 
agonists.

3. Results and discussion

3.1. Organic carbon and total nitrogen contents in sediments

Relatively high OC contents were observed at S9 (11%), followed by 
S2 (5.4%), S3 (3.3%), and S4 (0.64%) (Fig. S2a). It is worth noting that 
sites S2, S3, and S4 are influenced by past coal mining activities and 
research stations and likely exhibit higher OC contents than other sites 
due to the high OC levels in coal (Cornelissen et al., 2005). TN contents 
ranged from not detected (N.D.) to 0.16%, with the highest TN contents 
observed at S2 (0.16%) and S3 (0.10%) (Fig. S2b). Although high OC 
content was observed in the sediment of S9, TN content was below the 
detection limit. Site S9 is less influenced by coal and plant debris, but the 
OC content is high, indicating that further research is needed. The ratio 
of OC to TN (i.e., C/N ratio) in sediments, excluding those from S6–S9, 
ranged from 4.4 to 28 (Fig. S2c). Sites S2, S3, and S4, which are affected 
by coal and other anthropogenic activities, suggest terrestrial organic 
matter sources, while the other sites indicate marine organic matter 
sources. Overall, the sediments from Kongsfjorden, particularly those 
near the coast, appear to exhibit geochemical characteristics reflecting 
the terrestrial sources.

3.2. AhR-mediated potencies in sediments

The AhR-mediated potencies in REs of sediments from Kongsfjorden 
showed site-specific variations (Fig. 1b), with notably higher potencies 
observed at S2 and S3. This increased activity could be attributed to the 
proximity of these sites to Ny-Ålesund, an area historically associated 
with coal mining activities, residual coal deposits, and research facilities 
(Steenhuisen and van den Heuvel-Greve, 2021). It is believed that AhR 
agonists were mainly derived from these local sources, resulting in 
relatively high AhR-mediated potencies in the sediments. Silica gel 
fractionation of S2 and S3 samples revealed that AhR-mediated po
tencies were higher in F2 and F3 compared to F1 (Fig. 2a), indicating 
that the major AhR agonists in Kongsfjorden sediments are mid-polar 
and polar compounds. Similar trends have been observed in sediments 
from other regions with high levels of industrialization, such as Lake 
Sihwa, Ulsan Bay, and Yeongil Bay in South Korea, as well as the Yellow 
Sea and Bohai Sea in China (Cha et al., 2019, 2021; Gwak et al., 2022; 
Kim et al., 2019; Lee et al., 2022). Previous studies have reported PAH 
contaminations in Kongsfjorden sediments, primarily from coal mining, 
residual coal, tourism, and research activities (Jiao et al., 2009; Lee 
et al., 2023). The significant AhR-mediated potencies observed in the 
sediments in this study might be attributed to these PAHs; thus, this 
study focused on identifying mid-polar AhR-active substances (i.e., 
those containing PAHs) in the sediments of Kongsfjorden.

F2 from S2 and S3 sediment extracts, which exhibited high AhR- 
mediated potencies, were further fractionated using RP-HPLC 
(Fig. 2a). The AhR-mediated potencies in the F2 subfractions 
(F2.1–F2.10) of S2 and S3 were relatively high in fractions F2.6–F2.8, 
corresponding to compounds with a log KOW of 5–8. These results sug
gest that the major mid-polar AhR agonists in Kongsfjorden sediments 
were likely compounds with log KOW between 5 and 8, consistent with 
previous studies (Cha et al., 2019; Gwak et al., 2022; Kim et al., 2019). 
Interestingly, AhR-mediated potencies in both the silica gel and 
RP-HPLC fractions were higher than those in the REs. This may be due to 
a masking effect, where interfering compounds in the organic extract 
were removed through fractionation (Hong et al., 2023). The EC50 
values were calculated from the dose-response curves for F2.6–F2.8 in 
S2 and S3 (Fig. 2b). The BaP-EQbio for F2.6–F2.8 from S2 and S3 were 
250–2100 ng BaP-EQ g− 1 dry weight (dw) and 110–4600 ng BaP-EQ g− 1 

dw, respectively. These calculated BaP-EQbio values were then used for 
potency balance analysis.

Similar AhR-mediated potencies to those observed in F2 were also 

Fig. 2. (a) AhR-mediated potencies in raw organic extracts (REs), silica gel fractions (F1: non-polar, F2: mid-polar, and F3: polar), and RP-HPLC subfractions 
(F2.1–F2.10) of F2 of sites S2 and S3 sediments collected from Kongsfjorden. (b) Dose-response characterization for AhR-mediated potencies of selected RP-HPLC 
fractions (i.e., F2.6− F2.8) of sites S2 and S3 (Error bar: mean ± standard deviation, n = 3).
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found in F3 of the sediment extracts. Previous studies have identified 
polar AhR agonists in sediments associated with human activities, such 
as the use of pharmaceuticals and pesticides (Cha et al., 2021). Future 
research should focus on identifying the major polar AhR-active sub
stances in the sediments of Arctic Svalbard, as well as their sources and 
biological impacts.

3.3. Distributions of PTSs in sediments

t-PAHs were detected in sediments at all sites in Kongsfjorden, with 
concentrations ranging from 6.1 to 2100 ng g− 1 dw (Fig. 3 and 
Table S7). The highest concentration of t-PAHs was observed at S2 
(2100 ng g− 1 dw), followed by S3 (1900 ng g− 1 dw). Among the t-PAHs, 
phenanthrene (Phe) exhibited the highest concentrations at S2 (800 ng 
g− 1 dw) and S3 (790 ng g− 1 dw) (Table S7). Phe has been reported to 
originate from both natural sources (e.g., wildfires, rocks, and plant 
roots) and anthropogenic sources (e.g., combustion of fossil fuels) 
(Boitsov et al., 2009). In this study, high concentrations of Phe were 
detected in coal residue samples near Ny-Ålesund, indicating that the 
PAHs in Kongsfjorden sediments, particularly at S2 and S3, are associ
ated with coal residues (Table S8). Previous studies have also reported 
high concentrations of Phe in coal samples (Howaniec et al., 2018). 
Concentrations of Phe in the sediments of S2 and S3 exceeded the effect 
range low (225 ng g− 1 dw) (MacDonald et al., 2000), suggesting po
tential ecological effects of Phe in sediments from Kongsfjorden.

The concentrations of e-PAHs in sediments from Kongsfjorden 
ranged from 0.5 to 1000 ng g− 1 dw (Fig. 3 and Table S7). Similar to the 
pattern observed for t-PAHs, S2 (1000 ng g− 1 dw) and S3 (820 ng g− 1 

dw) showed great concentrations of e-PAHs. In S2, the most prominent 
e-PAHs were benzo[b]naphtho[2,1-d]thiophene (BBNT), 11H-benzo[b] 
fluorene (11BbF), and benzo[b]naphtho[2,3-d]furan (BBNF). In S3 
sediment, 11H-benzo[a]fluorene (11BaF), BBNF, and 11BbF were pre
dominant (Table S7). 11BaF is known to originate from gasoline en
gines, BBNT and 11BbF from coal sources (Kim et al., 2019; Koganti 
et al., 2000; Kumar and Kim, 2000), and BBNF has been reported to 
originate from oil sources (Jiang et al., 2024). Thus, the e-PAHs in the 
sediments of S2 and S3 primarily originate from coal, with additional 
contributions from gasoline engines and oil sources.

The concentrations of alkyl-PAHs in sediments from Kongsfjorden 
ranged from 47 to 79,000 ng g− 1 dw (Fig. 3 and Table S7). The highest 
concentrations were found in the sediments at S2 (79,000 ng g− 1 dw), 
followed by S3 (44,000 ng g− 1 dw) and S4 (6800 ng g− 1 dw). S2 and S3, 
sites with coal or abandoned mines, still exhibit high alkyl-PAH levels 
despite the cessation of mining activities, likely due to the dispersion of 
mechanical equipment, waste residues, and fine coal particles (Jiao 

et al., 2009). Among the alkyl-PAHs in S2 and S3, alkyl-Na were the 
predominant compounds (Table S7). This pattern was also observed in 
sediments and coal in previous studies (Yunker et al., 2012, 2015). 
Alkyl-Na are mainly originated from vegetation fires, biological pollut
ants, crude oil, and coal (Masclet et al., 1986). In the present study, great 
concentrations of alkyl-Na were also found in the coal samples 
(Table S8). A previous study reported a similar pattern in soil from the 
Midtre Lovénbreen glacier foreland in Svalbard (Cha et al., 2024). 
Overall, similar patterns of alkyl-PAHs contamination were observed in 
the sediments and coal of Kongsfjorden and in the soils near Ny-Ålesund, 
Svalbard.

The concentrations of SOs in sediments from Kongsfjorden ranged 
from 4.2 to 130 ng g− 1 dw, with the highest concentrations found at S2 
(130 ng g− 1 dw) and S3 (130 ng g− 1 dw) (Fig. 3 and Table S7). The high 
concentrations of SOs at S2 and S3 are likely due to the input of plastics 
from nearby residential areas and research stations. In addition, SOs are 
known to be compounds capable of traveling long distances through 
ocean currents, raising the possibility that SOs used indiscriminately in 
neighboring European countries may have been transported over long 
distances (Kwon et al., 2015). To date, research on the distribution of 
SOs in environmental media within the Arctic region and Europe re
mains limited. Thus, further investigations are needed to accurately 
identify the sources and causes of SOs pollution.

Overall, PTS concentrations in the sediments of Kongsfjorden were 
relatively high at S2 and S3. Typically, OC content and PTS concentra
tions in sediments are positively correlated, and this study confirmed a 
significant positive correlation at all sites except S9, where OC content 
was abnormally high. The S2, S3, and S4 showed more severe contam
ination by AhR-active substances compared to other regions, likely due 
to local sources such as coal residues rather than long-distance transport. 
With accelerating climate change, permafrost thaw or glacial retreat 
may lead to glacial/fluvial runoff sweeping through coal deposit regions 
and infiltrating the Kongsfjorden environment (Ademollo et al., 2021; 
Cha et al., 2024). This could further accelerate the influx of coal-derived 
AhR agonists into the marine environment. Thus, ongoing monitoring of 
AhR-active substances in Kongsfjorden environments is necessary.

3.4. Potential sources of PAHs in sediments

PCA-MLR analysis identified coal (Factor 1), petroleum combustion 
(Factor 2), and coal combustion (Factor 3) as the primary sources of 
PAHs in Kongsfjorden sediments (Fig. 4a and Table S9). Factor 1, 
dominated by Phe, was closely associated with coal (Lee et al., 2023). 
Factor 2, dominated by pyrene, indicated petroleum combustion 
(Harrison et al., 1996), while Factor 3, dominated by benzo[b] 

Fig. 3. Concentrations of persistent toxic substances (PTSs), such as 15 traditional PAHs (t-PAHs), 14 emerging PAHs (e-PAHs), 20 alkyl-PAHs, and 10 styrene 
oligomers (SOs), in sediments from Kongsfjorden.
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fluoranthene, suggested coal combustion (Kwon and Choi, 2014). These 
sources were associated with abandoned mines and coal residues near 
Ny-Ålesund and local anthropogenic activities. The contributions of 
Factor 1, Factor 2, and Factor 3 were 39% from coal, 39% from petro
leum combustion, and 20% from coal combustion, respectively. The 
source apportionment revealed that PAHs in sediments at S2 and S3 
were predominantly from residual coal (Fig. 4b). The petroleum com
bustion source was identified in sediments from S1–S7, likely due to the 
influx from ships related to tourism and cargo transport (Paglia, 2020). 
In contrast, sediments from S8–S10 were primarily influenced by coal 
combustion.

To distinguish between petrogenic and pyrogenic sources, the isomer 
patterns of alkyl-PAHs were analyzed (Yunker et al., 2012, 2015) 
(Fig. S3). Na, dibenzothiophene (Dbthio), and chrysene (Chr) exhibited 
a bell-shaped distribution pattern, indicative of petrogenic origin (Hong 
et al., 2012). Petrogenic PAHs, typically originating from coal and oil 
under low-temperature conditions, were identified (Yunker et al., 2015). 
In contrast, fluoranthene and Phe exhibited patterns where alkylation 
decreased with increasing substitution, characteristic of pyrogenic 
PAHs, primarily derived from coal tar (Yunker et al., 2015). The dis
tribution patterns of alkyl-PAHs in the sediments were consistent with 
those found in coal (Table S8 and Fig. S3). Further analysis using the 
C2-Dbthio/C3-Dbthio and C2–Na/C3–Na ratios confirmed that the 
alkyl-PAHs composition in sediments from S1–S4 was predominantly 
similar to bituminous coal (Fig. 4c). Bituminous coal has been reported 
to contain PAHs ranging from hundreds to thousands of mg kg⁻1 (Lee 
et al., 2023), suggesting it as a potential source of AhR agonists in 
sediment samples (Meyer et al., 2014).

3.5. Potency balance analysis

The concentrations of target AhR agonists in the F2.6–F2.8 of S2 and 
S3 ranged from 7.3 to 1000 ng g− 1 dw and 5.6–820 ng g− 1 dw, 
respectively (Table S10). In these subfractions, BBNF was the predom
inant AhR agonist in F2.6, while BBNT and 11BbF dominated in F2.7 for 
S2 and S3, respectively. The BaP-EQchem concentrations in F2.6–F2.8 
were 22–1100 ng g− 1 dw for S2 and 17–970 ng g− 1 dw for S3. Benzo[b] 
anthracene (BbA) contributed the highest BaP-EQchem concentration in 
F2.6 of both sites, whereas 1-methylchrysene (1MC) was dominant in 

F2.7. Despite lower concentrations, BbA and 1MC significantly 
contributed to the BaP-EQchem concentrations due to their higher AhR 
binding affinities relative to BaP. Potency balance analysis indicated 
that the target AhR agonists in F2.6 of S2 and S3 accounted for over 
100% of the observed AhR-mediated potency (Fig. 5a and Table S11), 
with BbA being the primary contributor. When BaP-EQchem is signifi
cantly greater than BaP-EQbio, mixture toxic effects are suspected (Hong 
et al., 2023). Previous studies have also shown a tendency for BaP-EQ
chem to exceed BaP-EQbio (Gwak et al., 2022, 2024; Hashmi et al., 2018). 
Since potency balance analysis assumes that the effects of toxic sub
stances are additive, it may not fully explain the mixture effects of 
compounds. Thus, future studies should evaluate mixture effects by 
measuring AhR-mediated potencies in recombined samples. In F2.7, the 
target AhR agonists explained 52% and 21% of the AhR-mediated po
tencies in S2 and S3, respectively, primarily from 1MC (27%) and 
3-methylchrysene (8.3%) in S2, and from 1MC (18%) and 4,5-methano
chrysene (8.6%) in S3. Additionally, 20-methylcholanthrene contrib
uted 4.5% and 3.2% of the AhR-mediated potencies in F2.8 of S2 and S3, 
respectively. These findings suggest that while known AhR agonists in 
F2.6 fully account for the observed AhR-mediated potencies, those in 
F2.7 and F2.8 do not, implying the presence of unmonitored AhR ago
nists in the sediments of Kongsfjorden.

3.6. Nontarget screening of highly potent fractions

NTS using GC-QTOFMS was performed to identify tentative AhR 
agonists in the subfractions of F2 (F2.4–F2.8 of S2), including highly 
potent fractions (Fig. 5b). The selection of these tentative AhR agonists 
followed a four-step criterion. First, 1327 to 2993 peaks were detected 
across F2.4–F2.8 fractions of S2. In the second step, 189 to 519 com
pounds were matched with library software. In the third step, com
pounds with a matching score of ≥80 were selected, resulting in the 
detection of 73–287 compounds across the fractions. Finally, com
pounds with three or more aromatic rings were chosen, as AhR agonists 
typically possess aromatic rings (Cheng et al., 2024). This process led to 
the selection of 1, 6, 22, 14, and 5 compounds in F2.4–F2.8, respectively. 
Among the 48 tentative AhR agonists selected, their origins were traced 
to coal (n = 27), oil (n = 5), rock (n = 1), natural product (n = 2), and 
plastic (n = 1) (details in Table 1 and Fig. 5c). Twelve compounds 

Fig. 4. (a) Potential sources of PAHs in sediments from Kongsfjorden derived using principal component analysis (PCA) with multiple linear regression (MLR) (Factor 
1: coal, Factor 2: petroleum combustion, and Factor 3: coal combustion) (details are provided in Table S9). (b) The contribution of potential sources (i.e., coal, 
petroleum combustion, and coal combustion) of PAHs in the sediments from Kongsfjorden (c) Diagnostic double ratios of alkyl-PAHs (i.e., C2–Na/C3–Na and C2- 
Dbthio/C3-Dbthio). in sediments and coals from Kongsfjorden and those in various coal samples reported previously (Hindersmann and Achten, 2018; Pies et al., 
2008; Yunker et al., 2002).

J. Gwak et al.                                                                                                                                                                                                                                    Chemosphere 368 (2024) 143771 

6 



remained unidentified. The predominance of coal-derived compounds 
among the tentative AhR agonists suggests that these agonists likely 
originated from surrounding coal deposits and abandoned mines, 
contributing to the AhR-mediated potencies observed in the sediments.

3.7. Prediction of potential toxicities of AhR agonist candidates using 
QSAR modeling

The AhR binding affinities of 48 AhR agonist candidates were pre
dicted using VirtualToxLab (Table 1). Among these, one compound 
exhibited high AhR binding affinity, 16 compounds showed moderate 
affinity, and 26 compounds exhibited low affinity. The compound with 
the highest AhR binding affinity, 2-(4-phenoxyphenoxy)ethyl benzoate, 
originated from oil and was likely introduced by a nearby ship (Alvarez 
et al., 2017). Of the 16 compounds with moderate AhR binding affinity, 
seven were identified as coal-derived, predominantly from bituminous 
coal (Li et al., 2019; Meyer et al., 2014). Previous studies have 
confirmed that bituminous coal can induce mutagenicity and carcino
genicity, along with AhR-mediated effects (Li et al., 2019; Meyer et al., 
2014). The toxicity potential of the 43 tentative AhR agonists 
(0.292–0.571) was comparable to that of the target AhR agonists 
(0.367–0.474) (Table S12), suggesting that these compounds are likely 
contributors to AhR-mediated potencies in sediments.

Additional toxicities for the 48 tentative AhR agonists were predicted 
using the VEGA QSAR model (Table S13). All 48 compounds were 
identified as carcinogenic, though GR and TR activities were not pre
dicted. Some compounds were predicted to exhibit AR activity, ER ac
tivity, mutagenicity, and carcinogenicity. However, it is important to 
note the limitations of these models. VirtualToxLab assesses binding 
affinity based on receptor conditions, which may not fully replicate 
those in living organisms (Vedani et al., 2015). The VEGA QSAR model, 
which relies on existing database information, also has limitations in 
predicting the toxicity of novel compounds (Jagiello et al., 2016). Future 
research should focus on the toxicological validation of these tentative 
AhR agonists.

4. Conclusion

This study identified major AhR agonists in Kongsfjorden sediments 
using EDA, demonstrating the effective application of effect-based 
monitoring (EBM). Additionally, NTS identified potential AhR agonists 
derived from coal. The Kongsfjorden environment exhibits distinctive 
geochemical characteristics, with varying concentrations and distinct 
sources of PTSs across different sites. Sediment pollution in this region is 
primarily attributed to coal remnants on land. As climate change ac
celerates, glacio-fluvial runoff may increasingly transport these coal 
residues into Kongsfjorden, posing significant ecological risks to marine 
organisms due to the AhR-binding potential of coal-derived substances. 
Therefore, further research on the influx, behavior, and ecological im
pacts of coal-derived substances is essential. Quantitative measurement 
of coal-derived substances, facilitated by EBM, can enhance our under
standing of the potential ecological risks to the Kongsfjorden ecosystem 
and support the development of effective environmental response 
strategies.
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Supplementary Tables 

Table S1. Reverse phase (RP)-HPLC conditions for fractionation of silica gel column fractions 
(Hong et al., 2016). 

Instrument 
 

Agilent 1260 HPLC system (Preparative scale) 
1260 Multiple wavelength detector 

Column PrepHT XDB-C18 reverse phase column (250 mm × 21.2 mm × 7 μm) 
Mobile phase A: Water, B: Methanol 
Flow rate 10 mL min-1 
Injection volume 1 mL 
Mobile phase gradient 40% A (0 min) → 40–0% A (0–40 min) → 0% A (40–60 min) → 0–

40% A (60–62 min) → 40% A (62–70 min) 
60% B (0 min) → 60–100% B (0–40 min) → 100% B (40–60 min) → 
100–60% B (60–62 min) → 60% B (62–70 min) 

Test standards 34 polychlorinated biphenyls 
16 polycyclic aromatic hydrocarbons 
7 alkylphenols 
5 phthalates 

Fractions collected times 

  

RP-HPLC 
Sub-fraction 

Starting –End 
sampling time (min.) 

Volume 
(mL) 

Log 
KOW 

1 3.11 – 6.35 38 < 1 
2 6.35 – 12.83 65 1 – 2 
3 12.83 – 19.32 65 2 – 3 
4 19.32 – 25.80 65 3 – 4 
5 25.80 – 32.29 65 4 – 5 
6 32.29 – 38.78 65 5 – 6 
7 38.78 – 45.26 65 6 – 7 
8 45.26 – 51.70 65 7 – 8 
9 51.70 – 58.23 65 8 – 9 

10 58.23 – 64.72 65 > 9 
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Table S2. Description of the experimental conditions for H4IIE-luc in vitro bioassay. 
Bioassay procedure  In vitro bioassays 

H4IIE-luc 
Mode of action  AhR-mediated potencies 
Culture condition Temperature  37 °C 

Gas carrier 5% CO2 
Culture flask  TC-treated culture dish 

Seeding condition Test Chamber 96-well plate 
Initial concentrations 7.0 × 104 cells mL-1 
Volume 250 μL well-1 
Incubation time  24 h 

Dosing Positive control  Benzo[a]pyrene 
 (50, 17, 6.0, 2.0, 0.62, and 0.21 nM) 
Samples Raw extracts, silica gel fractions, and RP-HPLC fractions 
Solvent control 0.1% DMSO 
Volume 250 μL well-1 
Replicates 3 
Test duration 4 h 

Ending  Endpoint Luciferase activity 
Instrument VictorX3 multilabel plate reader (PerkinElmer, Waltham, MA) 

  



S4 

 

Table S3. Instrumental conditions of GC-MSD for analyses of PAHs (t-PAHs and e-PAHs), 
alkyl-PAHs, and SOs. 

Instrument GC: Agilent Technologies 7890B, MSD: Agilent Technologies 5977B 
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 PAHs and SOs 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. Target compounds, abbreviations, target ions, and method detection limits in the 
GC-MSD analysis and recoveries of surrogate standards. 
Target compounds Abbreviation 

 
Target ions Method detection 

limit 
(ng g-1 dw) 

Quantification 
ion 

Confirmation 
ion 

Traditional PAHs (t-PAHs)     
Acenaphthene Ace 153 154, 152 0.60 
Acenaphthylene Acl 152 151, 150 0.76 
Fluorene Flu 166 165, 167 0.65 
Phenanthrene Phe 178 176, 179 0.63 
Anthracene Ant 178 176, 179 0.70 
Fluoranthene Fl 202 200, 101 0.42 
Pyrene Py 202 200, 101 0.39 
Benzo[a]anthracene BaA 228 226, 229 0.27 
Chrysene Chr 228 226, 229 0.22 
Benzo[b]fluoranthene BbF 252 253, 250 0.19 
Benzo[k]fluoranthene BkF 252 253, 251 0.19 
Benzo[a]pyrene BaP 252 253, 126 0.17 
Indeno[1,2,3-cd]pyrene IcdP 276 138, 137 0.20 
Dibenz[a,h]anthracene DbahA 278 276, 279 0.33 
Benzo[g,h,i]perylene BghiP 276 138, 137 0.10 

Emerging PAHs (e-PAHs)     
Benzo[b]naphtho[2,3-d]furan BBNF 218 189, 219 0.34 
11H-Benzo[b]fluorene 11BbF 216 215, 213 0.28 
Benzo[b]naphtho[2,1-d]thiophene BBNT 234 235, 232 0.17 
5-Methylbenz[a]anthracene 5MBA 256 241, 239 0.11 
Benzo[j]fluoranthene BjF 252 253, 250 2.1 
1-Methylchrysene 1MC 242 241 0.14 
3-Methylchrysene 3MC 242 241 0.26 
11H-benzo[a]fluorene 11BaF 216 215, 216 0.15 
4,5-Methanochrysene 4,5MC 239 240, 241 0.10 
Benz[b]anthracene BbA 228 226, 229 0.32 
7,12-dimethylbenz[a]anthracene 7,12DbA 256 241, 239 0.12 
10-methylbenz[a]pyrene 10MbA 266 265, 263 0.12 
7-methylbenz[a]anthracene 7MbA 242 241, 239 0.17 
20-methylcholanthrene 20Mc 268 252, 253 0.30 

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  
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3-Methylchrysene 3-Chr 242 239  
6-Ethylchrysene 6-Ethyl-Chr 256 241  
1,3,6-Trimethylchrysene 1,3,6-Chr 252 264  

Styrene oligomers (SOs)     
1,3-Diphenylpropane SD1 92 196, 105 0.19 
cis-1,2-Diphenylcyclobutane SD2 104 208, 78 0.18 
2,4-Diphenyl-1-butene SD3 91 208, 104 0.89 
trans-1,2-Diphenylcyclobutane SD4 104 208, 78 0.11 
2,4,6-Triphenyl-1-hexene ST1 91 117, 194 0.63 
1e-Phenyl-4e-(1-phenylethyl)-tetralin ST2  91 129, 207 0.66 
1a-Phenyl-4e-(1-phenylethyl)-tetralin ST3 91 129, 207 0.31 
1a-Phenyl-4a-(1-phenylethyl)-tetralin ST4 91 129, 207 0.70 
1e-Phenyl-4a-(1-phenylethyl)-tetralin ST5 91 129, 207 0.41 
1,3,5-Triphenylcyclohexane ST6 117 104, 130 0.88 
Surrogate standards Abbreviation 

 
Quantification 

ion 
Confirmation  

ion  
Surrogate 
recovery  

(%, mean ± SD)   
Acenaphthene-d10 Ace-d10 164 162 67 ± 15 
Phenanthrene-d10 Phe-d10 188 189 90 ± 10 
Chrysene-d12 Chr-d12 240 236 105 ± 10 
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Table S5. Instrumental conditions of GC-QTOFMS for nontarget screening analysis. 
Instrument 
 

GC: Agilent Technologies 7890B 
QTOFMS: Agilent Technologies 7200 

Samples S2 (F2.4–F2.8) 
Column DB-5MS UI (30 m × 0.25 mm i.d. × 0.25 μm film) 
Carrier gas He 
Flow rate 1.2 mL min.-1 
Injection volume 2 μL 
Mass range 50–800 m/z 
Ion source temperature 230 °C 
Ionization mode EI mode (70 eV) 
Software 
 
 
 

Qualitative analysis B.07.01  
MassHunter Quantitative analysis 
Unknown analysis 
NIST Library (ver. 2014) 
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Table S6. Molecular formula, molecular weight, and relative potency (ReP) values for AhR 
agonists reported previously. 
Compounds Molecular 

formula 
Molecular  
weight 

ReP  
values 

References 

Traditional PAHs     
Benz[a]anthracene C18H12 228 3.2 × 10-1 Kim et al. (2019) 
Chrysene C18H12 228 8.5 × 10-1 

 

Benzo[b]fluoranthene C20H12 252 5.0 × 10-1 
 

Benzo[k]fluoranthene C20H12 252 4.8 × 10-1 
 

Benzo[a]pyrene C20H12 252 1.0 
 

Indeno[1,2,3-c,d]pyrene C22H12 276 5.8 × 10-1 
 

Dibenz[a,h]anthracene C22H14 278 6.6 × 10-1 
 

Emerging PAHs     
Benzo[b]naphtho[2,3-d]furan C16H10O 218 8.2 × 10-2  Kim et al. (2019) 
11H-Benzo[b]fluorene C17H12 216 2.4 × 10-1  
Benzo[b]naphtho[2,1-d]thiophene C16H10S 234 3.6 × 10-2  
3-Methylchrysene C19H14 242 1.5  
5-Methylbenz[a]anthracene C19H14 242 4.2 × 10-1  
1-Methylchrysene C19H14 242 6.0  
Benzo[j]fluoranthene C20H12 252 1.7  
11H-Benzo[a]fluorene C17H12 216 1.2 Cha et al. (2019) 
Benz[b]anthracene C18H12 228 11  
4,5-Methanochrysene C19H12 234 1.0  
7,12-Dimethylbenz[a]anthracene C20H16 256 2.0 × 10-1 Gwak et al. (2022) 
7-Methylbenz[a]anthracene C19H14 242 1.4  
10-Methylbenzo[a]pyrene C18H12 266 1.2  
20-Methylcholanthrene C21H16 268 3.2  

Styrene Oligomers     
1,3-Diphenylpropane C15H16 196 2.3 × 10-3 Hong et al. (2016) 
2,4-Diphenyl-1-butene C16H16 208 3.0 × 10-4   
1e-Phenyl-4e-(1-phenylethyl)-tetralin C24H24 312 2.7 × 10-3   
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Table S7. Concentrations of t-PAHs, e-PAHs, alkyl-PAHs, and SOs in the sediments of 
Kongsfjorden.  

Compounds Sites 
S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 

t-PAHs (ng g-1 dw) 
Acl 0.15 67 43 4.6 0.21 <LOD <LOD <LOD <LOD <LOD 
Ace <LODa 130 82 7.5 0.49 0.29 <LOD <LOD <LOD <LOD 
Flu 0.92 180 110 17 1.2 0.83 1.8 0.94 0.82 1.1 
Phe 4.8 800 790 77 4.8 2.1 9.4 2.6 2.9 3.0 
Ant 0.24 200 88 8.3 <LOD <LOD <LOD <LOD <LOD <LOD 
Fl 0.96 150 120 12 0.87 0.98 1.68 0.64 0.92 0.90 
Py 1.1 140 120 12 0.76 0.91 2.5 0.89 1.00 1.6 
BaA 0.36 130 140 7.3 <LOD <LOD 0.29 0.04 0.33 <LOD 
Chr 0.53 100 130 7.2 0.37 <LOD 1.3 <LOD <LOD <LOD 
BbF 0.89 79 91 6.7 3.4 0.65 1.3 0.21 0.46 0.30 
BkF <LOD 11 8.6 1.2 0.61 <LOD 0.25 <LOD <LOD <LOD 
BaP 0.20 86 78 5.0 1.0 0.25 0.17 <LOD <LOD <LOD 
IcdP <LOD 14 19 1.4 1.3 0.20 <LOD <LOD <LOD <LOD 
DbahA 0.08 13 13 0.91 0.35 <LOD <LOD <LOD <LOD <LOD 
BghiP 0.62 31 46 2.1 2.1 0.25 1.2 0.10 0.17 0.12 

e-PAHs (ng g-1 dw) 
BBNF 0.38 130 140 7.2 0.35 <LOD <LOD <LOD <LOD <LOD 
11BaF 0.53 34 130 29 0.64 <LOD 2.88 <LOD <LOD <LOD 
11BbF <LOD 130 110 6.4 0.40 <LOD 0.54 <LOD <LOD <LOD 
BBNT <LOD 310 80 2.5 <LOD <LOD 0.50 <LOD <LOD <LOD 
BbA 0.36 31 64 7.2 0.39 0.32 0.56 <LOD 0.32 <LOD 
3MC <LOD 110 96 5.4 <LOD <LOD <LOD <LOD <LOD <LOD 
5MBA <LOD 44. 33 0.93 <LOD <LOD <LOD <LOD <LOD <LOD 
4,5MC 0.08 31 19 1.2 <LOD <LOD <LOD <LOD <LOD <LOD 
1MC 0.15 89 60 3.5 0.17 <LOD 0.48 <LOD <LOD <LOD 
7MbA 0.01 8.8 7.7 0.5 <LOD <LOD <LOD <LOD <LOD <LOD 
BjF <LOD 12 16 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
7,12DbaA 0.14 69 49 3.0 0.13 <LOD 0.26 <LOD <LOD <LOD 

alkyl-PAHs (ng g-1 dw) 
C1-Na 8.7 5000 2400 340 14 3.1 2.8 3.0 4.1 3.3 
C2-Na 15 9800 6900 650 24 3.4 15 3.2 4.4 5.1 
C3-Na 24 17000 10000 1000 0.31 3.0 56 2.7 4.0 4.4 
C4-Na 1.4 1400 810 89 2.6 0.61 7.9 0.63 0.61 0.73 
C1-Flu 3.0 750 490 51 4.0 2.3 11 2.4 2.4 3.0 
C2-Flu 6.3 1200 820 84 7.6 5.0 22 5.0 4.7 5.8 
C0-Dbthio <LOD 150 290 22 <LOD <LOD 1.8 <LOD <LOD <LOD 
C1-Dbthio 2.3 1400 1200 110 2.8 0.8 12 0.87 0.87 1.2 
C2-Dbthio 1.3 850 940 78 2.0 0.69 14 1.2 0.98 1.3 
C3-Dbthio <LOD 450 400 40 1.3 0.55 5.6 0.71 0.41 1.0 
C1-Phe 7.2 3600 1900 310 7.2 1.1 36 1.4 1.2 1.8 
C2-Phe 14 7900 4300 640 17 3.8 93 5.3 4.1 6.6 
C3-Phe 27 420 3900 1000 24 11 150 13 10 17 
C4-Phe 20 2000 4700 1600 31 5.8 183 8.1 5.5 8.7 
C1-Chr 3.4 870 680 68 3.1 1.0 19 1.1 0.73 1.1 
C2-Chr 16 6700 3200 520 16 4.6 53 5.4 4.4 6.9 
C3-Chr 2.3 1600 830 130 4.1 0.72 12 0.86 0.73 0.18 

SOs (ng g-1 dw) 
SD1 <LOD 16 26 1.9 <LOD <LOD 0.19 <LOD <LOD <LOD 
SD2 <LOD 2.2 2.4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
SD3 <LOD 58 11 2.5 1.1 <LOD <LOD 1.2 <LOD <LOD 
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SD4 1.0 2.8 3.2 1.2 1.0 0.90 0.64 0.90 0.91 0.97 
ST1 <LOD 4.1 4.5 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
ST2 <LOD 2.4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
ST3 <LOD 1.9 10 0.67 0.32 <LOD <LOD <LOD <LOD <LOD 
ST4 <LOD 10 15 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
ST5 <LOD 1.2 1.8 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 
ST6 1.8 15 30 1.6 1.9 1.7 1.6 0.81 1.2 1.2 

a <LOD: Limit of detection.  
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Table S8. Concentrations of t-PAHs, e-PAHs, and alkyl-PAHs in coals collected from sites S2-1, 
S3-1, and S4-1 in Kongsfjorden. 
Compounds Sites 

S2-1 S3-1 S4-1 
t-PAHs (ng g-1 dw) 

Acl 450 410 590 
Ace 590 480 550 
Flu 230 180 94 
Phe 2800 2700 3000 
Ant 770 79 100 
Fl 610 360 390 
Py 620 45 54 
BaA 23 22 27 
Chr 770 38 49 
BbF 430 390 660 
BkF 16 210 520 
IcdP 21 19 10 
DbahA 76 57 53 
BghiP 13 13 24 

e-PAHs (ng g-1 dw) 
BBNF 1500 1600 2000 
11BaF 55 58 83 
11BbF 380 310 470 
BBNT 180 510 700 
BbA 11000 330 13000 
3MC 130 120 160 
5MBA 880 720 930 
4,5MC 280 230 280 
1MC 320 270 610 
7MbA 650 600 790 
BjF 20 210 520 
7,12DbaA 490 7900 17000 
20Mc 34 24 37 
10MbA 350 300 320 

alkyl-PAHs (ng g-1 dw) 
C1-Na 15000 25000 38000 
C2-Na 26000 4200 56000 
C3-Na 45000 67000 89000 
C4-Na 3700 5400 7200 
C1-Flu 230 180 94 
C2-Flu 1500 1000 990 
C0-Dbthio 2900 4300 4500 
C1-Dbthio 4100 6100 8300 
C2-Dbthio 2800 4500 5500 
C3-Dbthio 1900 2700 2400 
C1-Phe 860 1200 900 
C2-Phe 2800 79 100 
C3-Phe 7400 11000 13000 
C4-Phe 15000 1500 27000 
C1-Chr 13000 21000 27000 
C2-Chr 29000 46000 53000 
C3-Chr 770 38 49 
C1-Na 880 1500 1400 
C2-Na 7200 10000 11000 
C3-Na 1500 2100 2100 
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Tabel S9. PCA-MLR results for source apportionment of PAHs in sediments from Kongsfjorden. 
Compounds PC1 PC2 PC3 
Acl 0.117 -0.4804 -0.7420 
Ace 0.230 -0.3577 -0.5551 
Flu -0.619 1.318 -0.3035 
Phe 2.882 1.388 1.541 
Ant 0.8678 -0.8235 -0.9534 
Fl -0.6659 1.3546 -0.3848 
Py -0.9433 2.161 -0.7627 
BaA 0.6792 -0.7468 -0.7933 
Chr 0.5545 -0.7186 -0.5355 
BbF -1.170 -0.3928 2.442 
BkF -0.3676 -0.4237 -0.2194 
BaP -0.0091 -0.6645 0.0225 
IcdP -0.6429 -0.4969 0.4818 
DbahA -0.2930 -0.3674 -0.5087 
BghiP -0.6207 -0.7497 1.271 
Estimated sources Coal Petroleum combustion Coal combustion 
Variance (%) 39 39 20 
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Table S10. Concentrations of target AhR agonists in the RP-HPLC subfractions of the sediments 
(F2.6−F2.8 of S2 and S3) from Kongsfjorden. 

Compounds Abba S2 S3 
F2.6 F2.7 F2.8 F2.6 F2.7 F2.8 

Traditional PAHs and SOs 
Benz[a]anthracene BaA 130   130   
Chrysene Chr 103   130   
1,3-Diphenylpropane SD1 16   26   
2,4-Diphenyl-1-butene SD3 58   11   
Benzo[b]fluoranthene BbF  79   91  
Benzo[k]fluoranthene BkF  11   8.6  
Benzo[a]pyrene BaP  86   78  
Indeno[1,2,3-c,d]pyrene IcdP  14   19  
Dibenz[a,h]anthracene DahA  13   13  
2,4,6-Triphenyl-1-hexene ST2  2.4   0.6  

Emerging PAHs        
Benzo[b]naphtho[2,3-d]furan BBNF 130   140   
Benz[b]anthracene BbA 31   64   
1-Methylchrysene 1MC  89   60  
3-Methylchrysene 3MC  110   96  
11H-Benzo[b]fluorine 11BbF  130   110  
Benzo[b]naphtho[2,1-d]thiophene BBNT  310   80  
5-Methylbenz[a]anthracene 5MBA  44   33  
Benzo[j]fluoranthene BjF  12   16  
11H-Benzo[a]fluorine 11BaF  34   130  
4,5-Methanochrysene 4,5MC  31   19  
10-Methylbenzo[a]pyrene 10MbA  8.2   6.3  
7,12-Dimethylbenz[a]anthracene 7,12DbA  69   49  
7-Methylbenz[a]anthracene 7MbA  8.8   7.7  
20-Methylcholanthrene 20Mc   7.3   5.6 

Sum of concentrations of target AhR agonists  470 1050 7.3 510 820 5.6 
a Abb: abbreviation.  
b n.a: not available.  
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Table S11. Potency balance between instrument-derived BaP-EQs (BaP-EQchem) and bioassay-
derived BaP-EQs (BaP-EQbio) in the RP-HPLC fractions of the sediments (F2.6−F2.8 of S2 and 
S3) from Kongsfjorden. 

Compounds Abba S2 S3 
F2.6 F2.7 F2.8 F2.6 F2.7 F2.8 

Instrument-derived BaP-EQs (ng BaP-EQs g-1 dw) 
Traditional PAHs and SOs 

Benz[a]anthracene BaA 45   48   
Chrysene Chr 97   120   
1,3-Diphenylpropane SD1 0.047   0.078   
2,4-Diphenyl-1-butene SD3 0.021   0.0041   
Benzo[b]fluoranthene BbF  39   45  
Benzo[k]fluoranthene BkF  5.4   4  
Benzo[a]pyrene BaP  86   78  
Indeno[1,2,3-c,d]pyrene IcdP  7.4   10  
Dibenz[a,h]anthracene DahA  7.7   7.7  
2,4,6-Triphenyl-1-hexene ST2  0.0052   0.0013  

Emerging PAHs        
Benzo[b]naphtho[2,3-d]furan BBNF 13   12   
Benz[b]anthracene BbA 360   750   
1-Methylchrysene 1MC  550   380  
3-Methylchrysene 3MC  170   150  
11H-Benzo[b]fluorine 11BbF  38   32  
Benzo[b]naphtho[2,1-d]thiophene BBNT  12   3.1  
5-Methylbenz[a]anthracene 5MBA  19   14  
Benzo[j]fluoranthene BjF  21   27  
11H-Benzo[a]fluorine 11BaF  32   20  
4,5-Methanochrysene 4,5MC  74   180  
10-Methylbenzo[a]pyrene 10MbA  10   7.4  
7,12-Dimethylbenz[a]anthracene 7,12DbA  13   9.2  
7-Methylbenz[a]anthracene 7MbA  13   12  
20-Methylcholanthrene 20MC   22   17 

Total of instrument-derived BaP-EQs 
(ng BaP-EQ g−1 dw) 

520 1100 22 930 980 17 

Bioassay-derived BaP-EQs (ng BaP-EQs g-1 dw) 250 2100 480 110 4600 520 
Contribution (%) 210 52 4.5 830 21 3.2 

a Abb: abbreviation.  
b n.a: not available.
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Table S12. Toxic potentials of target AhR agonists in sediments predicted using VirtualToxLab 
(Cha et al., 2019; Gwak et al., 2022; Kim et al., 2019).  

a 0.0−0.2: none binding, 0.2−0.4: low binding, 0.2−0.4: moderate binding, 0.4−0.6: elevated binding.

Compounds  Abbreviation  
 

RePs Toxic potential 
using VirtualToxLab 

modelinga 
Benzo[a]anthracene BaA 0.32 0.418 
Chrysene Chr 0.85 0.397 
Benzo[b]fluoranthene BbF 0.5 0.449 
Benzo[k]fluoranthene BkF 0.48 0.449 
Benzo[a]pyrene BaP 1 0.418 
Indeno[1,2,3-c,d]pyrene IcdP 0.58 0.442 
Dibenz[a,h]anthracene DbahA 0.66 0.474 
Benzo[b]naphtho[2,3-d]furan BBNF 0.082 0.411 
11H-Benzo[b]fluorene 11BbF 0.24 0.401 
Benzo[b]naphtho[2,1-d]thiophene BBNT 0.036 0.367 
1-Methylchrysene 1MC 6.0 0.404 
3-Methylchrysene 3MC 1.5 0.400 
Benzo[j]fluoranthene BjF 1.7 0.436 
5-Methylbenz[a]anthracene 5MBA 0.42 0.423 
Benz[b]anthracene BbA 10.6 0.422 
11H-Benzo[a]fluorene 11BaF 1.2 0.394 
4,5-Methanochrysene 4,5MC 1.0 0.384 
10-Methylbenzo[a]pyrene 10MbA 1.2 0.398 
7,12-Dimethylbenz[a]anthracene 7,12DbA 0.2 0.417 
7-Methylbenz[a]anthracene 7MbA 1.4 0.405 
20-Methylcholanthrene 20Mc 3.2 0.437 
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Table S13. Predicted potential toxic effects of tentative AhR agonists in sediments from Kongsfjorden using VEGA QSAR. 
Compounds AR 

activitya 
ER 

activityb 
GR 

Activityc 
TR 

Activityd 
Mutagenicitye Developmental 

toxicityf 
Carcinogenicityg 

F2.4        
8-Methyl-2H-pyrano[2,3-b]quinoline −h − − − − − +i − − − + − + − + + 

F2.5    − −    
9-Ethyl-9,10-dihydroanthracene − − − − − − − − − + + − − − − + 
1-Methylphenanthrene + − − − − − + + + + + − + + + + 
3-Methylphenanthrene + − − − − − + + + + + − + ++ − 
9,10-Dihydroanthracene − − − − − − − − − − + − − − − − 
Phenylnaphthalene + − − − − − − − − − + − + − + − 
9,9-Dimethyl-9H-xanthen − − + − − − − − − − + − − − − + 

F2.6        
1,7-Dimethylphenanthrene + − − − − + + + + + − + + + + 
1-Methylphenanthro[4,5-bcd]thiophene + − + − − − + + + + + + + + + + 
1-Methylpyrene + − + − − − + + + + + − + + + + 
2,3,5-Trimethylphenanthrene + − + − − − + + + + + − + + + − 
2,3-Dimethylphenanthrene + − − − − − + + + + + − + + + + 
2,5-Dimethylphenanthrene + − − − − − + + + + + − + + + − 
2,7-Dimethylanthracene − − + − − − + + + + + − − − − + 
2-Benzylnaphthalin − − − − − − − − − + + − − − + − 
2-Phenyldibenzofuran + − + − − − − + − + + − + + + + 
3,6-Dimethylphenanthrene + − − − − − + + + + + − + + + − 
4-Methylpyrene + − + − − − + + + + + − + + + + 
4-Phenyldibenzofuran + − + − − − − + − + + − − + + + 
9-Ethylanthracene − − − − − − + + + + + − + + + + 
9-sec-Butyl-9,10-dihydroanthracen − − + − − − − − − + + − + − − − 
9-Vinylanthracene − − − − − − + + + + + − + + + + 
1,2,3,4,5,6-Hexahydroanthracene − − − − − − − − + + + − − − − + 
2-(4-Phenoxyphenoxy)ethyl benzoate − − + − − − − − − − − − − − − + 
2-(2-Methylphenyl)naphthalene + − − − − − − − − − + − + − + − 
4,5-Dimethylphenanthrene + − − − − − + + + + + − + + + + 
5,12-Dihydrotetracene − − + − − − + + − + + − + + + − 
6,13-Dihydrodibenzo[b,i]phenazine − − − − − − + + + + + − + + + + 
9,10-Dimethylphenanthren + − − − − − + + + + + + + + + + 

F2.7        
1,12-Dimethylbenzo[c]phenanthrene        
1-Methylbenzo[c]phenanthrene + − + − − − + + + + + − + + + + 
2,3,6,7-Tetramethylanthracene − − + − − − + + + + + − + + + + 
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2,4,5,7-Tetramethylphenanthrene + − + − − − + + + + + − + + + + 
2-Isopropyl-10-methylphenanthrene + − + − − − + + + + + − + + + + 
2-Methyltriphenylene + − + − − − + + + + − − + + + + 
Benzo[e]pyrene + − + − − − + + + + − − + + + + 
Gossypol − − + − − − + + + + − − + + + + 
8-Isopropyl-1,3-dimethylphenanthrene − − + − − − − + + − + − − + + + 
Retene + − + − − − + + + − + − + + + + 
Tri-m-tolyl phosphate − − + − − − + + + − + + − + + + 
1,2'-Binaphthalene + − + − − − + − − + + − + + + + 
10,18-Bisnorabieta-8,11,13-triene − − + − − − − − − − + − + − + + 
12-Ethyltetraphene − − + − − − + + + − + − + + + + 

F2.8        
Anthanthrene + − + − − − + + + + + − + + + + 
Simonellite − − + − − − − + + + − + − + + 
Nordehydroabietane − − + − − − − − − + − + − − + 
3,3,7-trimethyl-2,4-dihydro-1H-chrysene − − + − − − + + + + + − + + + + 
10,18-Bisnorabieta-5,7,9(10),11,13-pentaene − − + − − − − + + + + − + − + + 

a Androgen receptor (AR) activity: IRFMN-CERAPA. 
b Estrogen receptor (ER) activity: IRFMN-CERAPP and IRFMN. 
c Glucocorticoid receptor (GR) activity model: Oberon. 
d Thyroid disrupting receptor (TR) activity model: NRMEA(alpha) and NRMEA(beta). 
e Mutagenicity model: CAESAR, ISS, SarPY-IRFMN , and KNN-Read-Across.  
f Developmental toxicity model: CAESAR and PG. 
g Carcinogenicity model: CAESAR, ISS, IRFMN-ISSCAN-CGX, and IRFMN-Antares. 
h −: not active. 
i +: active. 
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Supplementary Figures 

 

Fig. S1. Photograph of the environments surrounding the sediment sampling sites (S1–S10) in 
Kongsfjorden, Svalbard.  
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Fig. S2. (a) Organic carbon contents, (b) total nitrogen contents, and (c) C/N ratios in sediments 
from Kongsfjorden.  
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Fig. S3. Relative compositions of alkyl-PAHs in (a) sediments and (b) coals from Kongsfjorden.  
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