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A B S T R A C T   

Contamination status of traditional and emerging persistent toxic substances (PTSs) in sediments and their major 
sources were investigated in Ulsan Bay, Korea. A total of 47 PTSs, including 15 traditional PAHs, ten styrene 
oligomers (SOs), six alkylphenols (APs), and 16 emerging PAHs (E-PAHs) were analyzed. Concentrations of 
traditional PAHs, SOs, and APs ranged from 35 to 1300 ng g−1 dry weight (dw), 30 to 3800 ng g−1 dw, and 30 to 
430 ng g−1 dw, respectively. For the last 20 years, PTSs contamination in the bay area has been improved. 
However, 12 E-PAHs were widely detected in sediments, with a maximum of 240 ng g−1 dw (for benzo[e] 
pyrene) at the creek site. These E-PAHs seemed to originate from surrounding activities, such as biomass 
combustion, mobile sources, and diesel combustion. Due to environmental concerns for E-PAHs, further research 
on the potential toxicity, distribution, and behavior of these compounds should be implemented.    

Persistent toxic substances (PTSs) originating from human activities 
generally enter the marine environment through river runoff and at-
mospheric deposition, ultimately being buried in marine sediments. 
Thus, contamination of land-driven PTSs in marine sediments indicates 
their long-term influx followed by coastal accumulation, and negatively 
impacts diverse benthic organisms (Christophoridis et al., 2009;  
Dassenakis et al., 2003). Although the degree of contamination would 
decrease in aquatic lotic system naturally, potential biological impacts 
might increase (Kim et al., 2020). This is because of contributions by 
unknown chemicals, mixture effects, and site(species)-specific toxicity 
variations. Meantime, worldwide efforts to reduce marine pollution by 
PTSs, during the past decades, seemed to bring environmental im-
provement in sediments and water qualities (Khim and Hong, 2014;  
Kim et al., 2020; Lorgeoux et al., 2016). However, contaminations of 
emerging PTSs and the potential increase of chemical toxicities still 
warrant continuing monitoring efforts on assessment of sedimentary 
PTSs, particularly in the contaminated sites worldwide. 

Polycyclic aromatic hydrocarbons (PAHs), mainly originating from 
the combustion of fossil fuels and the use of petroleum products, are 
reported to be one major PTSs in coastal environments globally. PAHs 
are readily adsorbed on suspended particulate matter in the water 
column, due to their inherent properties (i.e., hydrophobic nature), 

after which they settle on sediment (Witt, 1995). Some PAHs have 
mutagenic and carcinogenic effects on organisms by activating the aryl 
hydrocarbon receptor (AhR) (Van den Berg et al., 2006). While, en-
vironmental occurrence of styrene oligomers (SOs), breakdown pro-
ducts of polystyrene plastics, was recently documented (Amamiya et al., 
2019; Hong et al., 2016; Kwon et al., 2014). Studies on the SOs in 
marine environments are very few compared to other PTSs (Amamiya 
et al., 2019; Kwon et al., 2014). The SOs exhibit AhR- and estrogen 
receptor (ER)-mediated activities (Hong et al., 2016; Ohyama et al., 
2001), and thus monitoring of SOs in marine sediments is timely im-
portant. Alkylphenol ethoxylates (APEOs) are compounds that are in-
cluded in commercial surfactants, which are increasingly recognized 
priority PTSs of environmental concern. Alkylphenols (APs), degrada-
tion products of APEOs, include nonylphenols (NPs) and octylphenols 
(OPs), which derive from nonylphenol ethoxylates (NPEOs) and octyl-
phenol ethoxylates (OPEOs), respectively. NPs and OPs normally ac-
cumulate in aquatic sediments and exhibit estrogenic activity 
(Routledge and Sumpter, 1997). Altogether, PTSs (such as PAHs, SOs, 
and APs) finally accumulate in the sediments of marine environments, 
with these compounds being reported in a wide range of coastal areas in 
South Korea (Hong et al., 2014; Khim et al., 1999; Kim et al., 1999, 
2020; Koh et al., 2002, 2006; Lee et al., 2018; Yoon et al., 2017, 2020). 
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In addition to known PTSs, many organic pollutants have not yet 
been investigated in coastal environments. In particular, substituted 
PAHs (such as amino-, cyano-, and alkyl-PAHs) and PAHs not included 
in the 16 EPA PAHs have often been ignored in environmental mon-
itoring programs, despite their potential risks (Andersson and Achten, 
2015). For example, the environmental distribution of polycyclic aro-
matic compounds (PACs), such as 1,6-dinitropyrene, 6-nitrochrysene, 
and dibenzo[c,g]carbazole has not been extensively investigated, de-
spite their similar or greater potential toxicities relative to benzo[a] 
pyrene (BaP) (Andersson and Achten, 2015). Over the last 10-years, the 
effect-directed analysis (EDA) approach has been increasingly utilized 
to identify the major toxicants in environmental samples, such as se-
diments. Grung et al. (2011) identified nitrogen and oxygen-containing 
PACs as AhR-active compounds in marine sediments. Another study 
suggested that 11H-indeno[2,1,7,cde]pyrene, methylbenzo[e]pyrene, 
and methylperylene exhibit AhR activity (Brack et al., 2005). In addi-
tion, Kim et al. (2019) newly reported seven AhR agonists [1-methyl-
chrysene (1MC), benzo[j]fluoranthene (BJF), 3-methylchrysene (3MC), 
5-methylbenz[a]anthracene (5MBA), 11H-benzo[b]fluorene (11BF), 
benzo[b]-naphtho[2,3-d]furan (BBNF), and benzo[b]naphtho[2,1-d] 
thiophene (BBNT)] in the sediments of the inland creeks of Ulsan Bay, 
Korea. These compounds, which could potentially cause adverse effects 
on the marine organisms, must be included in the monitoring study 
and/or program. 

Ulsan City, which is where Ulsan Bay is located, is one of the most 
industrialized cities in South Korea. Ulsan Bay has an industrial com-
plex nearby, which includes various types of factories, such as petro-
chemical plants, smelters, and shipyards. There is an industrial port 
(Ulsan Port), where large vessels enter and exit every day (Fig. 1). In 
addition, Taehwa River passes through Ulsan City and flows into the 
bay, along with various small rivers and streams, such as Woehwang 
River, Yeocheon Creek, and Daejeong Creek. Thus, various land-driven 
pollutants associated with industrial activities and wastewater inflow 
likely enter and contaminate Ulsan Bay. Previous studies showed that 
the concentrations of PTSs in sediments had exceeded the environ-
mental quality guidelines in some areas of Ulsan Bay (Khim et al., 2001;  
Moon et al., 2001). The Korean Government has designated Ulsan Bay 
as a special management area, implementing various policies to reduce 
pollutants, such as constructing and upgrading of sewage treatment 
facilities, burying sewage pipes, etc. 

The present study investigated the current contamination status of 
PTSs in the surface sediments of Ulsan Bay. We investigated the major 
rivers [Taehwa River (R1) and Woehwang River (R2)] and inland 
creeks (C1 and C2) as major sources of PTSs and investigated bay sites 
(U1–U5) from inner to outer regions (see Fig. 1). Contents of organic 
carbon (OC) and total nitrogen (TN) and their stable isotope ratios in 
sediments were measured to determine the sources of sedimentary or-
ganic matter. In addition, various diagnostic ratios of individual PTSs 
were used to predict the sources of contaminants and their recent influx 
into the bay. Finally, the distributions and potential toxicities of 
emerging PAHs (E-PAHs) identified in a previous study conducted in 
Ulsan Bay (Kim et al., 2019) were determined. This study is the first to 
investigate the distributions and concentrations of E-PAHs in riverine 
and coastal sediments. 

Sampling was conducted during June 2017. Sediments from nine 
sites were collected, including four in rivers (R1 and R2) and inland 
creeks (C1 and C2) and five in Ulsan Bay (U1–U5) (Fig. 1). Surface 
sediments (< 1.5 cm) were collected using a Van Veen grab sampler. 
All sediment samples were placed on dry ice and transported to the 
laboratory and stored at −20 °C until analysis. For chemical analyses, 
all sediment samples were freeze-dried and sieved, and then homo-
genized using a mortar and pestle. 

To analyze the OC content and carbon stable isotope ratio (δ13C), 
1 M HCl was added to each sample to remove inorganic carbon. Then, 
each sample was rinsed with distilled water and freeze-dried. In the 
case of TN content and nitrogen stable isotope ratio (δ15N), non-acid-
ified samples were used for the analysis, because acid treatment could 
affect the δ15N in sediments. All analyses followed the same method as 
described in Kim et al. (2018), using an elemental analyzer (EA; Euro 
EA3028, EuroVector, Milan, Italy) coupled with an isotope ratio mass 
spectrometer (IRMS; GV Instruments, Manchester, UK). Stable isotope 
ratios were expressed in delta notation (‰) as equation (Eq. (1)): 

= ×C or N (‰) [(R /R ) 1] 100013 15
sample reference (1) 

where R is the ratio of 13C/12C or 15N/14N. Vienna Peedee Belemnite 
and atmospheric N2 were used as reference values for carbon and ni-
trogen, respectively. Analytical errors were 0.05‰ for δ13C and 0.1‰ 
for δ15N, estimated by the International Atomic Energy Agency (IAEA) 
working standards (CH-6 for carbon and N-1 for nitrogen, IAEA, 
Vienna, Austria). 
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Fig. 1. Map showing the sampling sites of surface sediments in Ulsan Bay, Korea, and major sources, including rivers and creeks (June 2017).  
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Target compounds of PTSs in the present study included: 15 PAHs 
[acenaphthylene (Acl), acenaphthene (Ace), fluorene (Flu), phenan-
threne (Phe), anthracene (Ant), fluoranthene (Fl), pyrene (Py), benzo 
[a]anthracene (BaA), chrysene (Chr), benzo[b]fluoranthene (BbF), 
benzo[k]fluoranthene (BkF), benzo[a]pyrene (BaP), indeno[1,2,3-cd] 
pyrene (IcdP), dibenz[a,h]anthracene (DbahA), and benzo[g,h,i]per-
ylene (BghiP)], 10 SOs [1,3-diphenylpropane (SD1), cis-1,2-diphe-
nylcyclobutane (SD2), 2,4-diphenyl-1-butene (SD3), trans-1,2-diphe-
nylcyclobutane (SD4), 2,4,6-triphenyl-1-hexene (ST1), 1e-phenyl-4e-(1- 
phenylethyl)-tetralin (ST2), 1a-phenyl-4e-(1-phenylethyl)-tetralin 
(ST3), 1a-phenyl-4a-(1-phenylethyl)-tetralin (ST4), 1e-phenyl-4a-(1- 
phenylethyl)-tetralin ST5), and 1,3,5-triphenylcyclohexane (ST6)], and 
six APs [4-tert-octylphenol (OP), 4-tert-octylphenol monoethoxylate 
(OP1EO), 4-tert-octylphenol diethoxylate (OP2EO), NPs, nonylphenol 
monoethoxylates (NP1EOs), and nonylphenol diethoxylates (NP2EOs)]. 
As for the E-PAHs, 16 compounds were targeted; namely, 3-methyl-
phenanthrene (3MP), 2-methylphenanthrene (2MP), 2-methylan-
thracene (2MA), 9-ethylphenanthrene (9EP), 1,6-dimethylphenan-
threne (16DMP), 1,2-dimethylphenanthrene (12DMP), BBNF, 11BF, 
BBNT, triphenylene (Trl), 3MC, 5MBA, 1,12-dimethylbenzo[c]phenan-
threne (BCP), 1MC, BJF, and benzo[e]pyrene (BEP). Standard materials 
for target PTSs were obtained from ChemService (West Chester, PA) for 
PAHs, from Wako Pure Chemical Industries, Ltd. (Osaka, Japan) and 
Hayashi Pure Chemical Industries, Ltd. (Osaka, Japan) for SOs, from 
Sigma-Aldrich (Saint Louis, MO) for APEOs, and from Sigma-Aldrich, 
Santa Cruz Biotechnology, Inc. (Dallas, TX), and AHH Chemical Co., 
Ltd. (Changzhou, China) for E-PAHs. 

For the analyses of PTSs, 10 g homogenized sample was extracted 
with 350 mL dichloromethane (DCM, Burdick & Jackson, Muskegon, 
MI) using a Soxhlet extractor for 16 h. Before extraction, surrogate 
standards [Ace-d10, Phe-d10, Chr-d12, and Pery-d12 for PAHs and SOs 
(ChemService) and bisphenol A-d16 for APs (Sigma-Aldrich)] were 
added to the sample for quality control. The organic extract was con-
centrated using a rotary evaporator, exchanged to hexane, and reacted 
with activated copper powder (Merck, Darmstadt, Germany) to remove 
elemental sulfur for 1 h. The extract was cleaned through an open 
column chromatography packed with 8 g activated silica gel (70–230 
mesh, Merck). The first fraction (F1), containing PAHs and SOs, was 
eluted with 60 mL hexane:DCM (8:2, v/v). The second fraction (F2), for 
analyzing APs, was collected by elution with 50 mL DCM:acetone (6:4, 
v/v) (Hong et al., 2016). Each fraction was concentrated on a rotary 
evaporator, transferred to a 12 mL glass tube, and concentrated to 1 mL 
under nitrogen gas flow. The concentrate was transferred to a GC vial 
for instrumental analysis after adding 100 μL internal standard (2- 
fluorobiphenyl, ChemService). PTSs were quantified using an Agilent 
7890B GC coupled with a 5977B mass spectrometer detector (MSD, 
Agilent Technologies, Santa Clara, CA). Detailed instrumental condi-
tions for analyzing PTSs are presented in Table S1 of the Supplementary 
Materials. Concentrations of PAHs (including E-PAHs) and SOs in se-
diments from rivers and inland creeks were partially reported in a 
previous study (Kim et al., 2019). 

The recovery rates of surrogate standards were measured to assess 
the loss of any compound that occurs during the pretreatment process. 
The average recovery of surrogate standards for PAHs was 72%, 76%, 
88%, and 90% for Ace-d10, Phe-d10, Chr-d12, and Pery-d12, respec-
tively. Bisphenol A-d16 (for APs) showed a recovery rate of 75%, on 
average (Table S2). The method detection limit (MDL) was calculated 
as the standard deviation × 3.707 of the calibration standard. The 
MDLs of PAHs, SOs, and APs ranged from 0.03 to 0.81 ng g−1, 0.11 to 
0.89 ng g−1, and 0.08 to 3.7 ng g−1, respectively. More information on 
QA/QC is provided in Table S2. 

The EPA positive matrix factorization (PMF) model (version 5.0) 
was used to identify the major source of PAHs. The model was im-
plemented using the individual concentrations of traditional 15 PAHs. 
Out of 16 E-PAHs, 12 compounds were detected in the sediment sam-
ples of Ulsan Bay. The toxic potencies of these compounds were 

evaluated (including mutagenicity, carcinogenicity, developmental 
toxicity, and estrogen receptor activity) using the VEGA-QSAR platform 
(http://www.vega-qsar.eu/) (Benfenati et al., 2013; Cha et al., 2019;  
Marzo et al., 2016; Pizzo et al., 2013). 

The OC contents of sediment samples ranged from 1.6 to 6.2%, with 
a mean value of 2.9% (Table S3). TN contents ranged from 0.18 to 
0.38% (mean = 0.23%) in the sediments of Ulsan Bay. The average OC 
and TN in the sediments of river and creek sites (OC = 4.2  ±  1.4%; 
TN = 0.25  ±  0.08%) were generally greater than those of bay sites 
(OC = 1.9  ±  0.3%; TN = 0.22  ±  0.04%). The greatest OC and TN 
contents were recorded at site C2, where wastewater was discharged 
from the surrounding industrial area. The lowest organic content was 
recorded at site U2, which was located in the Taehwa River Estuary. OC 
and TN ratios ranged from 14 to 20 in river and creek sediments and 
from 6.4 to 13 in bay sediments. These results show that the sediments 
of river and creek sites were strongly affected by terrestrial organic 
matters (Fig. S1). In comparison, the sedimentary organic matters of 
bay sites were mainly of marine origin. Some bay sites near land 
showed mixed sources of terrestrial and marine origins. 

The δ13C values in sediments ranged from −26.1 to −21.6‰ 
(mean = −24.2‰), while δ15N values ranged from −1.91 to 5.44‰ 
(mean = 3.19‰) (Table S3). The previous study reported that δ13C 
values of sedimentary OC ranged between −27 and −25‰ in terres-
trial organic matter, and between −22 and −20‰ in marine organic 
matter (Peters et al., 1978). The depleted δ13C values were found in the 
sediments of river and creek sites and inner parts of the bay (U1 and 
U2) compared to those in the outer parts of the bay (U3–U5) (Fig. S1). 
Similarly, the depleted δ15N values were characteristic for river and 
creek sediments, and generally enriched δ15N values were found for bay 
sediments. In particular, the relatively lower δ15N values were recorded 
at sites C1 (0.95‰) and C2 (−1.91‰), potentially due to excessive 
inputs of sewage-derived organic matters (Tucker et al., 1999), ferti-
lizer, and/or industrial activities (Hong et al., 2019; Lee et al., 2019). 
Overall, the OC and TN contents, and their stable isotope ratios, in-
dicate that there was an influx of terrestrial and anthropogenic organic 
matter in the sediments of the study area, particularly in rivers and 
inland creeks. 

All of 15 traditional PAHs were detected in the sediments of the 
study area, and ΣPAHs ranged from 35 to 4000 ng g−1 dw (Fig. 2a and 
Table S4). In general, inland river and creek sediments showed much 
higher ΣPAHs with great spatial variations (mean = 1200 ng g−1 dw) 
compared to those in bay sediments. The greatest ΣPAHs were found at 
site C1, of which concentration was more than ten times greater than 
those in other inland sites (except for C2). Site C1 seemed to be affected 
by industrial wastewater from nearby petrochemical plants. The next 
greatest concentration of ΣPAHs was found at site C2, which was lo-
cated adjacent to a petrochemical plant and smelter. In comparison, 
relatively low concentrations of ΣPAHs were detected at the river sites 
(R1 and R2), probably because of the lower direct inputs of wastewater 
(i.e., point and nonpoint sources) compared to creek sites (C1 and C2). 

At the sites in Ulsan Bay, the average concentration of ΣPAHs in 
sediments was 53 ng g−1 dw, and greater concentrations of ΣPAHs 
were found in the inner region of the bay compared to those in the outer 
region. The lowest PAH concentration was detected at site U4, which 
was farthest situated from the coastline; thus, the impacts by land- 
driven pollutants would be minimal at the site. Four- to six-ring PAHs 
were the predominant PAHs at river and creek sites, accounting for 
more than 70% of ΣPAHs. The relative compositions of individual PAHs 
in sediments were similar across all sites in Ulsan Bay (Fig. 2d). PAHs 
with high molecular mass tend to be more hydrophobic, accumulating 
in sediments near the land (Moon et al., 2001). Thus, PAHs in the se-
diments of Ulsan Bay likely mainly originate from surrounding in-
dustrial complexes, and could not be transported far, instead of an 
immediate sink nearby the corresponding sources. 

The concentrations of PAHs in the sediments of Ulsan Bay did not 
exceed the existing sediment quality guidelines suggested by the 
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Canadian Council of Ministers of the Environment (CCME) (CCME, 
1999). Thus, the level of sedimentary PAHs in Ulsan Bay might not 
necessarily impact the coastal benthic ecosystem at the moment. The 
current status of PAHs pollution in sediments was generally lower than 
those reported by previous studies conducted in similar areas (Choi 
et al., 2011; Khim et al., 2001; Moon et al., 2001). In particular, the 
concentrations of ΣPAHs in sediments in Ulsan Bay were about 2 to 20 
times lower than those reported in 2000 (Moon et al., 2001), implying 
some improvements to the benthic environment. In addition, this study 
recorded relatively lower concentrations of ΣPAHs compared to pre-
vious studies conducted in other coastal areas of South Korea, including 
Busan coast (Han et al., 2016), Lake Sihwa (Hong et al., 2019), 
Gwangyang Bay (Yim et al., 2007), and Masan Bay (Hong et al., 2014;  
Yim et al., 2005) (Table S5). 

The concentrations of 10 SOs (ΣSOs) ranged from 34 to 3800 ng g−1 

dw in the sediments of the study area (Fig. 2b and Table S4). The 
average concentration of ΣSOs was 1000 ng g−1 dw at river and creek 
sites, with C2 having the greatest ΣSOs (3800 ng g−1 dw). This site (C2) 
is situated adjacent to a petrochemical plant and plastic products 
manufacturing plants are also located nearby. Thus, the great con-
centration of ΣSOs detected at C2, which is not surprising, seemed to be 
influenced by surrounding industrial activities, because SOs pre-
dominantly originate from polystyrene plastic materials (Amamiya 
et al., 2019). At the sites of Ulsan Bay, the average concentration of 
ΣSOs was 53 ng g−1 dw, with no clear trends in spatial distribution. 
Unlike PAHs, which showed similar relative compositions between 
sites, the relative composition of 10 SOs greatly varied between sites 
(Fig. 2e). The most prevalent and widely distribution SO detected in all 
sediment samples was SD3, but the relative proportions of SD3 differed 
among sites. The relative compositions of styrene dimers and styrene 
trimers in sediments also differed among sites. Such spatial hetero-
geneity in distributions of SOs in the study area might influence site- 
specific effects due to variations in mobility and/or volatility cross the 
varying SOs detected (Kwon and Moon, 2019). However, it should be 
noted that SOs were relatively low at all sites (except for site C2) when 
compared to their reported concentrations at Lake Sihwa (Hong et al., 
2019), Masan Bay (Lee et al., 2018), and Saemangeum coast (Yoon 
et al., 2017) (Table S5). Overall, the current level of contamination of 
SOs was not high in the study area, except for a few hotspot sites which 

are situated very close to the corresponding sources (such as site C2). 
The concentrations of six APs (ΣAPs) in sediments ranged from 30 to 

430 ng g−1 dw (Fig. 2c and Table S4). The mean concentrations of ΣAPs 
in the sediments of river and creek sites were 330 ng g−1 dw, which 
were greater than those of bay sites (55 ng g−1 dw). The concentrations 
of APs in sediments tended to decrease from the inner to outer regions 
of the bay (Fig. 2c). This result is similar to previous studies showing a 
seaward decrease of APs in the sediments in the coastal area (Isobe 
et al., 2001). At river and creek sites, the greatest concentration of ΣAPs 
was detected at the C2 and C1 sites. APs pollution levels were lower in 
the current study compared to previous studies conducted in the coastal 
waters of Korea, including Busan coast (Han et al., 2016) and Jinhae 
Bay (Hong et al., 2014). The concentrations of APs in the sediments of 
the study area did not exceed the interim sediment quality guidelines of 
the CCME (CCME, 2002). At all sites, NPs were more predominant than 
OPs, accounting for approximately 75 to 97% of the total (Fig. 2f). The 
compositions of APs found in the present study were comparable to 
those reported for the sediment collected in 1999 from the Ulsan Bay 
study (Khim et al., 2001). Meanwhile, the OC contents in the sediments 
can affect the distributions of hydrophobic pollutants (Yang et al., 
2009). However, the distribution patterns of PTSs in the sediments of 
Ulsan Bay did not differ between dry weight-based concentrations and 
OC normalized concentrations (except for APs) in the present study 
(Fig. S2). Overall, the distribution and concentrations of PTSs for Ulsan 
Bay sediments showed that the three groups of chemicals had slightly 
different characteristics depending on the sources of pollutants. Speci-
fically, PTSs originated from the surrounding area and appeared to 
accumulate in the nearby sediments of river and inland creeks. 

To better understand the sources (for PAHs) and recent inputs of 
pollutants (for SOs and APs) in the sediments of Ulsan Bay, in site- and 
compound-specific manners, diagnostic analyses have been performed 
(Hong et al., 2016; Katsoyiannis et al., 2011; Tobiszewski and 
Namiesnik, 2012; Yoon et al., 2020). The sources of PAHs in sediments 
were estimated using Ant, Phe, Fl, Py, IcdP, and BghiP (see Fig. 3a and b 
for results). The values of Ant/(Ant + Phe), Fl/(Fl + Py), and IcdP/ 
(IcdP + BghiP) were 0.11 to 0.19, 0.37 to 0.56, and 0.23 to 0.55, re-
spectively. Thus, the sedimentary PAHs in Ulsan Bay appeared to be of 
combustion origin. The prevalence of combustion origin at all sites in 
the current study differed to those of previous studies, in which 
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petroleum sources dominated some sites along the Ulsan coast (Moon 
et al., 2001). Thus, the major source of PAHs seemed to change from 
petroleum sources to combustion sources in Ulsan Bay. 

The concentration ratios of styrene dimers (sum of SDs) and styrene 
trimers (sum of STs) ranged between 0.74 and 7.4 (Fig. 3c). At sites C2 
and U4, SDs/STs were 3.9 and 7.4, respectively, and were distinct to the 
other sites. Thus, sources of polystyrene plastic pollution in the study 
area might vary depending on the site and surrounding local activities 
(Hong et al., 2016). In addition, a recent study suggested that the 
sources of SOs in the environments can be estimated using the ratio of 
ST1 to SD3 (Tian et al., 2020). In this study, the ratio of ST1/SD3 in the 
sediments of Ulsan Bay showed similar results to those of SDs/STs, 
indicating that there were fresh inputs of SOs at the sites C2 and U4 
(Fig. S3). Finally, assuming that APs are produced through the 

degradation of APEOs after being introduced to the coastal environ-
ment, we evaluated whether there was a fresh influx of APs based on 
the ratios of APs and APEOs (Isobe et al., 2001). In brief, if the APEOs/ 
APs ratio exceeds 1, it would indicate a fresh influx of pollutants in the 
given site. The (NP1EOs + NP2EOs)/NPs ratios were calculated 
(Fig. 3d). Sites U3, U4, U5, and R2 had (NP1EOs + NP2EOs)/NPs ratios 
exceeding 1, while these ratios were less than 1 at sites with relatively 
greater concentrations of APs (e.g., R1, C1, and C2). The Korean gov-
ernment has officially banned the use of NPs in all domestic applica-
tions since 2007, in some industrial applications (including paint and 
ink) since 2010, and in all industrial applications since 2016 (Choi 
et al., 2011; Kim et al., 2020). A diagnostic result with the fact of 
widespread distribution of APs cross offshore sites in the Ulsan Bay 
indicated either the fresh input of local sources and/or long-term 
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sedimentary sink due to their long persistence. 
In this study, datasets with 15 PAHs × 9 sites were used as input 

data for the PMF model. The Q values with 2–5 factors were calculated, 
and QTrue/QExp values were 22.9, 4.04, 5.17, and 4.40, respectively. 
The 3-factor solution was shown the most reliable result with the 
smallest QTrue/QExp value; thus, the 3-factor solution was selected in the 
present study (Crilley et al., 2017). The QRobust and QTrue values were 
the same as 108.946. The modeled PAH concentrations were compared 
with the measured concentrations to assess the accuracy of the fitted 
results. The slope in the linear regression formula ranged from 0.37 to 
1.30, with R2 value of 0.99, which suggests that the PMF model result is 
satisfactory. Factor 1 showed high loadings of Phe, Fl, Py, and BghiP. 
This result indicates a mixture of PAHs originating from gasoline and 
diesel engines and was indicative of vehicle emission origin (Bzdusek 
et al., 2004) (Fig. 4). Relatively high scores of Factor 1 observed for 
sites C1 and C2 indicated that the PAHs of combustion origin from 
nearby industrial complexes could be introduced via inland creeks. 
Factor 2 exhibited high loadings of BbF and BkF, implying with pre-
vious studies considering it to be of coke oven origin (Li et al., 2003). 
PAHs of coke oven origin were documented in all regions (except site 
R1), especially site R2. Site C1 had high scores for all factors, possibly 
due to recent and long-term contamination associated with PAHs. In-
deed, this area had relatively great potential toxicity, with AhR-medi-
ated potencies being reported in a previous study (Kim et al., 2019). 
Finally, Factor 3 showed relatively high loadings of Fl and Py and 
moderate loadings of BbF and Chr, collectively indicating biomass 
combustion (Lin et al., 2011). Relatively high scores of Factor 3 were 
obtained at site R1 and bay sites, with higher factor scores in the inner 
parts compared to the outer parts of the bay. Thus, the influx of PAHs 
through the Taehwa River might affect the entire bay. 

A total of 16 E-PAHs in the sediments of Ulsan Bay were analyzed. 
Out of these compounds, Trl and BjF were excluded from the analysis, 
because they could not be separated from Chr and BkF in the GC-MSD, 
respectively. In addition, 12DMP and BCP were not detected in any of 
the sediment samples. The total concentration of 12 E-PAHs (ΣE-PAHs) 
ranged from 26 to 1200 ng g−1 dw. The average ΣE-PAHs at the river 
and creek sites and bay sites were 440 and 70 ng g−1 dw, respectively. 
Greater concentrations of ΣE-PAHs were detected at sites C1 and C2 
(Table S6). Greater concentrations of ΣE-PAHs were detected in the 
inner part of the bay compared to the outer regions. This result was 
similar to that of traditional PAHs (Fig. 5). These spatial distribution 
patterns indicate that traditional and emerging PAHs might originate 
from similar sources. Previous studies reported that 3MP, 2MP, 9EP, 
and 11BF were derived from biomass combustion (Benner et al., 1995;  
bin Abas et al., 1995; Wu et al., 2002). 16DMP and BEP were attributed 
to mobile sources (Benner et al., 1995; Khalili et al., 1995), and 3MC 

and BBNT were considered to originate from diesel combustion (Olson 
and McDow, 2009; Smith and Harrison, 1996). The results of previous 
studies on the origin of E-PAHs were consistent with the PMF results for 
traditional PAHs obtained in the present study, with PAHs originating 
from various combustion sources. In particular, site C2 contained a 
large portion of vehicle emissions, with 16DMP, BEP, and BBNT being 
the most dominant compounds in the sediments of Ulsan Bay. 

E-PAHs (including 11BF, BBNF, BBNT, 1MC, 3MC, and 5MBA) were 
identified as AhR-active compounds in a previous study using EDA with 
full-scan screening analysis (Kim et al., 2019). In addition, E-PAHs that 
are not AhR-active compounds (such as 3MP, 2MP, 9EP, 16DMP, BEP, 
and BCP) also have other potential toxicities. Previous studies showed 
that 2MP, 2MA, and 9EP have mutagenicity (Gibson et al., 1978; LaVoie 
et al., 1983; Onodera et al., 1994), while another study suggested that 
BEP has carcinogenicity (Villemin et al., 1994). Furthermore, VEGA- 
QSAR was used in this study to predict the unknown potential toxicities 
of these E-PAHs (Table 1). The results showed that some E-PAHs (in-
cluding 11BF, BBNT, 1MC, 3MC, BCP, and 5MBA) have estrogen ac-
tivity, mutagenicity, carcinogenicity, and developmental toxicity. For 
2MP, 2MA, and 9EP, carcinogenicity and developmental toxicity were 
predicted, in addition to the known mutagenicity. The potential mu-
tagenicity, carcinogenicity, and developmental toxicity of 3MP, 
16DMP, and BBNF were also determined. The potential toxicity of E- 
PAHs predicted using VEGA-QSAR shows that these compounds might 
negatively impact marine ecosystems, with continued monitoring and 
research being vital. Consistent with this suggestion, research is needed 
for emerging PAHs (e.g., alkylated-, amino-, cyano-PAHs, etc.), in ad-
dition to the well-studied EPA 16 PAHs, as highlighted in a previous 
study (Andersson and Achten, 2015). Due to environmental concerns 
for E-PAHs, further research on the potential toxicity, distribution, and 
behavior of these compounds is required. 

This study delineated the current contamination status of traditional 
PTSs (PAHs, SOs, and APs) and E-PAHs in the surface sediments of the 
rivers, inland creeks, and Ulsan Bay, Korea. Current contamination le-
vels of PTSs in sediments were much lower compared to ~10–20 years 
ago and were below sediment quality guidelines. The PTS groups 
showed different distribution characteristics according to the sources. 
E-PAHs were widely distributed in the sediments of Ulsan Bay, with 
sources being estimated to be similar to those of traditional PAHs. 
Previously, studies on the distribution and potential risk of PAHs fo-
cused on 16 traditional PAHs (or 15, except for naphthalene). However, 
the results obtained from this study suggested that a number of emer-
ging PAHs exist in the coastal environment, of which occurrence, dis-
tribution, and sources are similar to traditional PAHs. In terms of risk, 
these E-PAHs are just as important as traditional PAHs. Therefore, 
immediate attention and monitoring to further investigate E-PAHs in 
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the coastal environments are needed in the future. Overall, the present 
study would provide useful information on distributions and sources of 
important classes of some traditional PTSs together with emerging 
coastal pollutants in Korean coastal waters and elsewhere to the pol-
luted marine environment. 
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Supplementary Tables  

Table S1. GC/MSD conditions for analyzing polycyclic aromatic hydrocarbons, styrene 
oligomers, and alkylphenols in sediment samples from Ulsan Bay, Korea. 
Instrument Agilent 7890B GC / 5977B MSD 
Column DB-5ms (30 m × 250 μm × 0.25 μm) 
Gas flow 1 mL / min He 
Injection mode splitless 
Injection volume 1 μL 
Oven temperature 
program PAHs 60 °C (hold 2 min) → 

 6 °C / min to 300 °C (hold 13 min) 

SOs 60 °C (hold 2 min) → 
 6 °C / min to 300 °C (hold 3 min) 

APs 60 °C (hold 5 min) → 

 10 °C / min to 100 °C → 
  20 °C / min to 300 °C (hold 6 min) 
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Table S2. Target compounds, abbreviations, and target ions in the instrumental analysis, and 
method detection limits and recoveries of surrogate standards. 
Target compounds Abbreviation 

  
Target ions Method detection 

limit 
(ng g−1 dw) 

Quantification 
ion 

Confirmation 
ion 

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 
Benzo[a]anthracene BaA 228 226 0.06 
Chrysene Chr 228 226 0.03 
Benzo[b]fluoranthene BbF 252 253 0.08 
Benzo[k]fluoranthene BkF 252 253 0.20 
Benzo[a]pyrene BaP 252 253 0.09 
Indeno[1,2,3-cd]pyrene IcdP 276 138 0.09 
Dibenz[a,h]anthracene DbahA 278 276 0.07 
Benzo[g,h,i]perylene BghiP 276 138 0.12 

Emerging PAHs (E-PAHs) 
3-Methylphenanthrene 3MP 192 191 0.06 
2-Methylphenanthrene 2MP 192 191 0.17 
2-Methylanthracene 2MA 192 191 0.81 
9-Ethylphenanthrene 9EP 191 206 0.06 
1,6-Dimethylphenanthrene 16DMP 206 191 0.23 
1,2-Dimethylphenanthrene 12DMP 206 191 0.21 
Benzo[b]naphtho[2,3-d]furan BBNF 218 189 0.32 
11H-Benzo[b]fluorene 11BF 216 215 0.23 
Benzo[b]naphtho[2,1-d]thiophene BBNT 234 235 0.12 
Triphenylene Trl  228 226 0.21 
3-Methylchrysene 3MC 242 241 0.26 
5-Methylbenzo[a]anthracene 5MBA 256 241 0.20 
1,12-Dimethylbenzo[c]phenanthrene BCP 242 241 0.34 
1-Methylchrysene 1MC 242 241 0.14 
Benzo[j]fluoranthene BJF 252 253 0.52 
Benzo[e]pyrene BEP 252 250 0.28 

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

Alkylphenols (APs) 
4-tert-Octylphenol t-OP 207 221 0.12 
4-tert-Octylphenol monoethoxylate t-OP1EO 251 265 0.61 
4-tert-Octylphenol diethoxylate t-OP2EO 295 309 0.08 
Nonylphenols NPs 207 221 3.7 



S4 

 

Nonylphenol monoethoxylates NP1EOs 251 265 0.45 
Nonylphenol diethoxylates NP2EOs 295 309 1.5 

Internal standard     
2-Fluorobiphenyl IS 172 171   

Surrogate standards Quantification 
ion 

Confirmation 
ion 

Surrogate recovery 
(%, mean ± SD) 

Acenaphthene-d10 Ace-d10 164 162 72 ± 12 
Phenanthrene-d10 Phe-d10 188 189 76 ± 9 
Chrysene-d12 Chr-d12 240 236 88 ± 11 
Perylene-d12 Pery-d12 264 270 90 ± 11 
Bisphenol A-d16 BPA-d16 368 386 75 ± 17 
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Table S3. Sampling locations and sediment properties, including total organic carbon, total nitrogen, and stable isotope ratios in Ulsan 
Bay, Korea. 
Stations Latitude Longitude TOC 

(%) 
TN 
(%) 

C/N ratioa δ13COC 
(‰) 

δ15NTN 
(‰) 

Rivers R1 35°32'42.62"N 129°21'59.94"E 2.84 0.21 13.80 −26.1 3.88 
R2 35°28'0.70"N 129°20'50.32"E 2.74 0.18 15.50 −25.7 2.43 

Inland 
creeks 

C1 35°31'26.13"N 129°22'23.50"E 4.82 0.23 20.80 −25.9 0.95 
C2 35°25'33.01"N 129°21'37.20"E 6.19 0.38 16.40 −22.0 −1.91 

Bay 
sites 

U1 35°31'28.45"N 129°22'55.36"E 2.52 0.20 12.90 −25.2 4.17 
U2 35°30'35.50"N 129°23'31.67"E 1.62 0.18 9.24 −25.4 4.38 
U3 35°28'15.81"N 129°24'9.12"E 1.81 0.18 10.31 −23.7 4.83 
U4 35°27'39.35"N 129°24'20.18"E 1.78 0.28 6.43 −21.8 4.51 
U5 35°23'19.80"N 129°20'56.35"E 1.99 0.26 7.50 −21.6 5.44 

a C/N ratio: This value was calculated based on the molar concentration. 
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Table S4. Concentrations of traditional polycyclic aromatic hydrocarbons, styrene oligomers, and alkylphenols in sediments from 
Ulsan Bay, Korea. 
Target 
compounds 

Rivers Inland creeks Bay sites 
R1 R2 C1 C2 U1 U2 U3 U4 U5 

Traditional PAHs        
Acl <DLa <DL 58 41 0.14 0.12 0.13 0.1 0.13 
Ace <DL 0.71 7.8 < DL 0.57 0.71 0.34 0.29 0.32 
Flu 1.1 1.2 85 13 1.7 1.3 1.1 0.82 0.99 
Phe 5.6 11 680 99 5.6 5.8 3.7 2.9 3.3 
Ant 1.0 1.4 120 3.0 1.1 0.75 0.51 0.57 0.69 
Fl 8.2 15 520 86 11 13 6.8 4.8 5.9 
Py 9.4 19 500 100 11 12 6.1 3.8 4.6 
BaA 3.2 6.0 290 59 4.6 5.2 2.4 1.9 2.0 
Chr 4.9 11 340 37 6.1 5.8 3.1 2.5 2.7 
BbF 5.5 86 360 8.6 9.0 11 6.5 5.9 7.1 
BkF <DL 88 70 5.0 3.9 5.2 2.8 2.6 2.6 
BaP 3.3 6.3 260 75 4.2 5.1 2.2 1.9 1.8 
IcdP 5.2 10 210 42 4.0 5.1 3.3 3.0 2.6 
DbahA 0.83 2.6 74 22 1.5 1.4 0.75 0.7 0.51 
BghiP 8.4 14 380 100 7.2 6.5 4.1 3.5 2.2 
ΣPAHs 60 280 4000 740 71 78 44 35 37 

SOs          
SD1 1.2 <DL 2.7 6.9 0.75 0.73 0.67 0.71 0.55 
SD2 < DL 1.0 <DL 11 0.85 0.79 0.81 0.76 5.9 
SD3 13 64 47 2900 25 37 20 67 19 
SD4 0.95 5.9 2.9 72 0.52 0.49 0.47 0.46 3.6 
ST1 4.3 7.2 7.6 20 5.1 4.6 3.9 3.2 6.9 
ST2 1.6 8.4 3.6 11 < DL < DL <DL <DL 4.4 
ST3 3.2 10 5.9 11 1.7 0.61 1.0 0.87 7.5 
ST4 3.1 4.5 1.7 1.8 < DL < DL 1.9 3.7 3.2 
ST5 8.0 36 29 720 5.0 10 5.5 1.4 5.4 
ST6 < DL 3.3 < DL 5.5 1.2 2.2 <DL <DL <DL 
ΣSOs 35 140 100 3800 40 57 34 78 57 

APs          
t-OP 2.3 12 6.9 86 2.3 0.41 0.28 0.13 0.18 
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t-OP1EO 3.1 38 5.1 17 3.2 1.5 2.2 0.88 1.3 
t-OP2EO 3.2 3.7 2.1 5.1 3 1.7 2.3 1 1.4 
NPs 210 87 190 200 50 29 16 7 9.4 
NP1EOs 41 110 120 98 34 16 19 16 20 
NP2EOs 11 13 41 25 13 7.3 7.9 5.3 5.2 
ΣAPs 270 264 365 433 105 57 48 30 38 

a < DL: below detection limits.  
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Table S5. Comparisons of concentrations of various persistent toxic substances in sediments reported in previous studies and those 
obtained from the current study. 
Regions Type Sampling 

Year 
Number of  
stations 

Target  
compounds 

Concentrations 
(ng g−1 dw) 

References 

     Min–Max Mean  
PAHs        
Gyunggi Bay Harbor 1995 19 23 PAHs 12–1400 260 Kim et al., 1999 
 River  16 23 PAHs 29–230 83  
 Open sea  31 23 PAHs 3.1–170 51  
Masan coast Inner part of bay 1997 10 24 PAHs 207–2670 1050±786 Yim et al., 2005 
 Outer part of bay  10 24 PAHs  428±85.2  
Masan Bay Bay 1998 28 16 PAHs 41.5–1100 353±252 Khim et al., 1999 
Onsan Bay River and creek 1999 9 16 PAHs <10.0–573 118±173 Koh et al., 2002 
 Bay  13 16 PAHs <DLa–38.7 19.1±13.5  
Yeongil Bay Inner part of bay 2000 4 16 PAHs 28.5–1870 737 Koh et al., 2006 
 Outer part of bay  22 16 PAHs <10.0–662 162  
Ulsan coast Bay 2000 22 16 PAHs 14–7108 1052±1638 Moon et al., 2001 
Jinhae Bay Bay 2010 80 22 PAHs 12.4–2430 105 Hong et al., 2014 
Busan coast River and harbor 2013 37 16 PAHs 3.88–5346 390 Han et al., 2016 
Sihwa lake Lake 2013 10 22 PAHs 195–2420 1023±710 Hong et al., 2019 
Masan Bay Bay 2014 9 16 PAHs 58–1900 91 Lee et al., 2018 
Saemangeum coast Estuary and bay 2014 58 24 PAHs 2.9–158 39 Yoon et al., 2017 
Sihwa lake Inland creek 2015 6 16 PAHs 210–1900 226 Lee et al., 2017 
Ulsan Bay River and creek 2017 4 15 PAHs 61–1274 510±490 This study 
 Bay  5 15 PAHs 35–78 53±18  
SOs        
Sihwa lake Lake 2013 10 10 SOs 148–1730 689±568 Hong et al., 2019 
Masan Bay Bay 2014 9 10 SOs 73–350 130 Lee et al., 2018 
Saemangeum coast Estuary and bay 2014 58 10 SOs 0.3–261 14 Yoon et al., 2017 
Sihwa lake Lake 2015 6 10 SOs 10.1–62.6 34.2 Lee et al., 2017 
Ulsan Bay River and creek 2017 4 10 SOs 35–3759 1000± This study 
 Bay  5 10 SOs 34–78 53±15  
APs        
Masan Bay Bay 1998 28 NP 113–3890 510±710 Khim et al., 1999 
    OP 3.97–179 18.1±32.1  
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Onsan Bay River and creek 1999 9 NP <1.00–860 123±263 Koh et al., 2002 
 Bay  13 NP <DL–3.8 1.57±1.05  
 River and creek  9 OP <1.00–11.01 2.66±3.27  
 Bay  13 OP <DL–4.33 1.18±0.95  
Yeongil Bay Inner part of bay 2000 4 NP 29.9–1430 348 Koh et al., 2006 
 Outer part of bay  22 NP <1.00–63.5 25.3  
 Inner part of bay  4 OP 2.46–24.3 7.62  
 Outer part of bay  22 OP <1.00–11.3 3.13  
Jinhae Bay Bay 2010 80 NP <DL–469 31.6 Hong et al., 2014 
Sihwa lake Lake 2013 10 6 APs 148–1730 689±568 Hong et al., 2019 
Masan Bay Bay 2014 9 6 APs 18–72 39 Lee et al., 2018 
Saemangeum coast Estuary and bay 2014 58 6 APs 0.6–46 9.5 Yoon et al., 2017 
Ulsan Bay River and creek 2017 4 6 APs 264–433 330±70 This study 
  Bay   5 6 APs 30–105 55±26   

a <DL: below detection limits.  
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Table S6. Distributions and potential sources of emerging polycyclic aromatic hydrocarbons in sediments from Ulsan Bay, Korea. 

a Abb.: abbreviations. 
b na: not available 
c <DL: below detection limits.  

Target compounds Abb.a Reported sources 
(References) 

Rivers Inland creeks Bay sites 
 R1 R2 C1 C2 U1 U2 U3 U4 U5 

Emerging PAHs    
3-Methylphenanthrene 3MP Biomass combustion 

(Wu et al., 2002)  
2.1 4.1 87 7.0 2.5 0.95 0.70 0.60 0.66 

2-Methylphenanthrene 2MP Biomass combustion 
(bin Abas et al., 1995) 

3.4 6.3 58 13 4.1 1.4 1.5 1.1 1.3 

2-Methylanthracene 2MA Combustion 
(Yunker et al., 2012) 

1.1 <DL 150 <DL 6.2 1.4 0.64 <DL <DL 

9-Ethylphenanthrene 9EP Wood combustion 
(Benner et al., 1995) 

<DLc 0.72 100 <DL <DL <DL <DL <DL <DL 

1,6-Dimethylphenanthrene 16DMP Mobile source 
(Benner et al., 1995) 

3.4 2.4 100 240 5.4 3.5 3.5 3.7 4.0 

Benzo[b]naphtho[2,3-d]furan BBNF Lignite combustion 
(Stefanova et al., 2002) 

2.1 3.1 150 2.3 8.5 6.0 4.3 4.3 4.3 

11H-benzo[b]fluorene 11BF Biomass combustion 
(Wu et al., 2002) 

4.7 2.1 110 1.8 40 27 14 11 13 

Benzo[b]naphtho[2,1-
d]thiophene 

BBNT Diesel engine 
(Smith and Harrison, 1996) 

2.1 1.0 110 70 5.7 2.3 0.75 0.63 0.52 

3-Methylchrysene 3MC Diesel exhaust 
(Olson and Mcdow, 2009) 

2.1 1.9 4.4 51 6.3 4.9 2.9 2.5 2.4 

5-Methylbenzo[a]anthracene 5MBA nab 

 
0.83 <DL 15 4.4 1.2 1.0 0.44 0.37 0.37 

1-Methylchrysene 1MC Combustion 
(Yunker et al., 2012) 

<DL <DL 6.8 16 1.3 0.83 0.38 0.39 0.32 

Benzo[e]pyrene BEP Mobile source 
(Khalili et al., 1995) 

8.1 4.2 240 79 24 25 14 12 11 
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Supplementary Figures 

 
Fig. S1. Source identification of organic matter in surface sediments using (a) C/N ratio and (b) 
carbon and nitrogen stable isotope ratios.
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Fig. S2. Organic carbon normalized concentrations of PTSs, including (a) PAHs, (b) SOs, and (c) APs in sediments from Ulsan Bay, 
Korea. 
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Fig. S3. Source identification of styrene oligomers using the ratio of 2,4,6-triphenyl-1-hexene 
(ST1) to 2,4-diphenyl-1-butene (SD3) suggested by Tian et al. (2020).
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