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Abstract: This study determined the PAH contamination variations in the subtidal surface sediment
with oil fingerprinting in the Wu Yi San oil spill in Yeosu, Korea, in January 2014. The }-16 PAHs and
Y alkyl PAHs were investigated in surface sediment and seawater 1 month after the oil spill for 1 year
at 3-month intervals in the accident (St. A-F) and adjacent areas (St. 1-20). The averaged ) 16 PAHs
and ) alkyl PAH concentration in the five samplings were 42.2-171.7 ng/g and 211.5-221.8 ng/g,
respectively. Comparing the PAH levels in St.E and St.17 indicated a decreased tendency, from 357.9
to 31.1 ng/g dw. in } 16 PAHs, and from 1900.9 to 211.5 ng/g dw. in ) alkyl PAHs. The PAHs were
not statically correlated between surface sediment and seawater (p > 0.05), implying that the fate of
PAHs was rapidly dispersed toward adjacent coasts and beaches. Pyrogenic origin was predominant
in 16 PAHs, and petrogenic origin in alkylated PAHs. Notably, C2-D/C2-P and C3-D/C3-P ratios in
the accident area during the first sampling were similar to accident oil, but the similarity was not
shown in other samplings. Only the C2-naphthalene (St.A), Cl-phenanthrene (St.A and St.B), and
C2-phenanthrene (the entire accident area points) concentrations were higher than the ERL SQG.

Keywords: Wu Yi San; PAHs; alkyl PAHs; the distribution of PAH concentrations; the isomeric ratio
of PAHs

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are compounds in which at least two ben-
zene rings consisting of carbon and hydrogen are formed where at least five carbon atoms
are gathered [1]. The origins of the inflow of PAHs into the ocean can be largely divided
into pyrogenic inflows and direct petrogenic inflows. Pyrogenic inflows occur due to the
combustion of organic substances such as wood, coal, and fossil fuels, which flow into
the marine environment and are mainly composed of those with high molecular weights
exceeding 202 g/mol with 4-6 benzene rings [2]. Petrogenic inflows include direct inflows
that occur during petroleum refining and transportation as well as oil spills on surface
water [3,4]. These inflows mainly include low-molecular-weight and alkylated PAHs [5].
With alkylated PAHs, an alkyl group is substituted into the benzene ring of PAHs. These are
thermodynamically unstable compared to PAHs and are generally known to be abundant
in oil [6,7].

As such, when PAHs flow directly into the ocean, they superficially disperse, evap-
orate, dissolve, or are adsorbed by particles and sink to the sediment-accumulating sea
floor [8]. PAHs accumulated over a long period are eluted again and adversely affect
benthic and aquatic organisms [9]. In particular, PAHs with high molecular weights, such
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as benzo[a]pyrene, are known to cause mutations and carcinogenicity in organisms [10,11],
and it has been reported that the toxicity of alkylated PAHs is suspected to affect fish em-
bryo development [12,13]. Therefore, the United States Environmental Protection Agency
(US EPA) and European Union have labelled 16 PAHs as pollutants that should be con-
trolled on a priority basis [14-16]. On 31 January 2014, an accident occurred in which a
164,000-ton class tanker (Wu Yi San of Singapore) broke the oil pipeline while entering the
crude oil pier in Nakpo-dong, Yeosu City, Jeollanam-do, leading to the spread of 483.9 kl of
crude oil and 32-131 ki of oil mixture to the sea (Gwangju District Court Suncheon Branch,
2014 Godan 584). The naphtha in the oil pipeline quickly evaporated into the atmosphere
because it was highly volatile, and the crude oil and oil mixture spread to the sea reaching
the Namhae Bridge (approximately 13 km north of the spill site) and Dolsan Bridge (14 km
to the south) [17]. Therefore, monitoring oil contamination variations is essential in the
study area. The present study investigated the 16 PAHs and alkylated PAH levels in the
surface sediment and seawater in Gwangyang Bay and Yeosu Channel five times 1 month
after the accident in 3-month intervals. This study aims to determine the variations in PAH
contamination in subtidal surface sediment using oil fingerprinting after the oil spill and
assess the biological effects via sediment quality guidelines (SQGs). It is a preliminary study
used as a cornerstone to assess the current contamination values of PAHs derived from the
oil spill in the surface sediment 10 years after the accident. To the best of our knowledge,
this is the first report to determine the Wu Yi San oil spill using oil fingerprinting in the
subtidal surface sediment in the study area. This will provide insight into monitoring other
oil spills and preventing and controlling the possibility of accidental ones.

2. Materials and Methods
2.1. Study Area and Sampling Method

An investigation was conducted at five stations (St. A-F) on 5 March 2014, to determine
the concentrations of 16 PAHs and alkylated PAHs and the presence of the spilled oil within
the subtidal sediments in the Wu Yi San oil spill site. For further analysis, 20 stations (eight
stations in Gwangyang Bay and 12 stations in the Yeosu Channel) centering on the waters
near the accident site (St. 1-20) were used in five additional investigations. These were
conducted in May, August, and November of 2014 and in February and May of 2015. The
number of investigations and stations are shown in Table 1, and the investigation points
are shown in Figure 1.

Table 1. Summary of the sampling to collet PAHs samples in the subtidal zone in the Wu Yi San oil
spill site and in the Yeosu Channel and Gwangyang Bay, Korea.

March 2014 May 2014 August 2014 November 2014 February 2015 May 2015
Oil spill 6 points ) ) _ ) }
accident areas (St.A-St.F)
t}ali;eé)f;r(fha:;lel 20 points 20 points 20 points 20 points 20 points
gyang (St.1-5t.20) (St.1-5t.20) (St.1-5t.20) (St.1-5t.20) (St.1-5t.20)
Bay, Korea

For the collection of submarine sediments, samples with a surface layer of 0-3 cm
were collected using a van Veen grab and washed with distilled and pure ionized water.
Thereafter, brown hard glass bottles were ignited for at least 4 hours at approximately
400 °C using an ignition brazier to prevent potential sample contamination. The collected
samples were transported in an ice box and frozen at —20 °C or lower until analysis.



Water 2023, 15, 279

30f16
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Figure 1. Sampling locations for surface sediment collection in the Wu Yi San oil spill site, the Yeosu
Channel and Gwangyang Bay, Korea(No 1~20: the Yeosu Channel and Gwangyang Bay subtidal
zone station/St. A~F: Oil spill accident areas station).

2.2. Analysis Method

The collected samples were analyzed using the EPA method (EPA:3540, 3611) to detect
PAHs and alkylated PAHs. The grade of the entire organic solvents used for extraction was
the pesticide residue analysis (PRA) grade. Furthermore, the whole laboratory glassware
used in the pretreatment processes was burned at 400 °C for 4 h after washing to remove the
organic matter residues. After ignition, it was rinsed with acetone and hexane to remove
potential contamination.

The PAHs in the surface sediment were extracted using the Soxhlet extraction method.
First, 5 g of freeze-dried submarine sediment was placed in cellulose cylindrical filter paper
(thimble filter, ID25 mm OD28 mm L100 mm, ADVANTEC, Tokyo, Japan), 100 pL of the
surrogate internal standard (naphthalene-dg, acenapthalene-d;g, phenanthrene-d;, chrysene-
djp, perylene-dg; internal standard mix, Supelco, Bellefonte, PA, USA) at a concentration of
2 mg/L was added to the sample, and the mixture was set in a Soxhlet extraction apparatus.
For the extraction, 150 mL of acetone-hexane (1:1 v/v), a mixed solvent, was placed in a
round-bottom flask, and the temperature was adjusted so that the solvent circulation rate was
4-6 min, and extraction was performed for at least 16 h. The solvent was substituted with the
hexane using a rotary evaporator, and the filtered sample was concentrated to approximately
1-2 mL. The silica gel column was used to purify the concentrated solution. After injecting
the solution, 25 mL of hexane was poured, and the flowed hexane through the column was
discarded. The solution was eluted with 25 mL of dichloromethane-hexane (2:3 v/v), and the
resultant solution of the final sample was transferred to 10 mL of a glass centrifuge tube, and
100 uL of the gas chromatograph internal standard (terphenyl-d;4, Supelco, Bellefonte, PA,
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USA) was spiked. The sample was concentrated into 1.0 mL using nitrogen gas (99.99%) and
used as a sample for gas chromatography (GC) analysis.

The liquid-liquid extraction method was employed to analyze PAHs in the surface sea-
water. Then, 2 mg/L of the surrogate internal standard (naphthalene-dg, acenapthalene-d;,
phenanthrene-dj, chrysene-d;;, perylene-dg; internal standard mix, Supelco, Bellefonte,
PA, USA) was spiked in 2 L of seawater sample, and 100 mL of dichloromethane was
added to the sample. The solution was shaken intensely for 1 h (RS-1, JEIO TECH, Korea)
and left for 1 h. The extracted solution was filtered with the anhydrous sodium sulfate
on the filter paper using a glass funnel to remove moisture. This extraction process was
repeated twice. The solvent was substituted with the hexane using a rotary evaporator,
and the filtered sample was concentrated to approximately 1-2 mL. The silica gel column
was used to purify the concentrated solution. After injecting the solution, 25 mL of hexane
was poured, and the flowed hexane through the column was discarded. After purification,
25 mL of dichloromethane-hexane (2:3 v/v) was poured to elute the target materials. The
solvent in the extracted solution was substituted with the hexane and was concentrated
to approximately 1-2 mL. This concentrated sample was transferred to 10 mL of a glass
centrifuge tube, and 100 pL of the gas chromatograph internal standard (terphenyl-dyq4,
Supelco, Bellefonte, PA, USA) was spiked. The sample was concentrated into 1.0 mL using
nitrogen gas (99.99%) and used as a sample for GC analysis.

2.3. Substances Subject to Instrumental Analysis

In the case of PAHs, 16 (naphthalene, acenaphthylene, acenaphthene, fluorene, phenan-
threne, anthracene, fluoranthene, pyrene, benzo[a]anthracene, chryene, benzo[b]fluoranthene,
benzol[k]fluoranthene, benzola]pyrene, dibenzo[ah]anthracene, indeno[1,2,3-cd]pyrene,
benzo[ghi]perylene) out of 24 priority management substances designated by the United
States Environmental Protection Agency (US EPA) were selected. For alkylated PAHs, C1-C4
naphthalene, C1-C3 fluorene, C1-C4 phenanthrene, C1-C4 dibenzothiophene, and C1-C3
chrysene were selected according to the presence of a methyl group. A list of the selected
substances is presented in Table 2.

Table 2. Quantitative ion values used in the analysis of 16 PAHs and alkyl PAHs.

Tar i i Tar i i
Compounds Code Ia orglst COI(I;?;I)Iatlon Compounds Code Iaogst Con(f:; r/rzl?tlon
PAHs Alkylated PAHs
2-Rings 2-Rings
Naphthalene Nap 128 127 C1-Naphthalenes C1-Nap 142
3-Rings 1-Methyl Napthalene 142 141
Acenaphthylene AcPy 152 151 2-Methyl Napthalene 142 141
Acenaphthene Ace 154 153, 152 C2-Naphthalenes C2-Nap 156
Fluorene Flu 166 164 1,2-Dimethyl Naphthalene 156 154
Phenanthrene Phe 178 176 C3-Naphthalenes C3-Nap 170
Anthracene AnT 178 176 C4-Naphthalenes C4-Nap 184
4-Rings 3-Rings
Fluoranthene FluA 202 201 C1-Fluorenes C1-Flu 180
Pyrene Pyr 202 201 1-Methyl Fluorene 180.2 180
Benzo[a]anthracene BaA 228 226 C2-Fluorenes C2-Flu 194
Chrysene Chr 228 226 C3-Fluorenes C3-Flu 208
5 or 6 Rings C1-Dibenzothiophenes C1-DBT 198
Benzo[b]fluoranthene BbF 252 250 4-Methyl Dibenzothiophenes 198.3 198
Benzolk]fluoranthene BkF 252 250 C2-Dibenzothiophenes C2-DBT 212
Benzola]pyrene BaP 252 250 3-Dibenzothiophenes C3-DBT 226
Indeno(1,2,3-CD)pyrene  DbA 276 275 C1-Phenanthrenes C1-Phe 192
Dibenz(a,h)anthracene InP 278 277 1-Methyl Phenanthrenes 191 192
Benzol[ghi]perylene BghiP 276 275 C2-Phenanthrenes C2-Phe 206
C3-Phenanthrenes C3-Phe 220
C4-Phenanthrenes C4-Phe 234
4-Rings
C1-Chrysenes C1-Chr 242
1-Methyl Chrysenes 242 242
C2-Chrysenes C2-Chr 254
C3-Chrysenes C3-Chr 268
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2.4. Instrument Analysis Conditions

Gas chromatography-mass spectrometry (Shimazu, Kyoto, Japan, Model GCMS QP-
2010) was used for the qualitative and quantitative analysis of PAHs. Two microliters of
the sample was injected using a splitless method, and the carrier gas was made to flow at
1.3 mL per minute using helium (99.9999%). A capillary column (DB-5MS, 30 m x 0.25 mm,
0.25 pm) was used for the separation of the substances.

For the column conditions, the sample was initially left for 1 min at 80 °C. Thereafter,
the temperature was increased at a rate of 10 °C to 275 °C and the sample was maintained
for 25 min. The substances were detected via a mass spectrometer using the selected ion
monitoring (SIM) mode and quantified by the internal standard method, and the on-mass
table using the SIM mode is shown in Table 2.

2.5. Quality Assurance/Quality Control (QA/QC)

The recovery rate of the analyzed items is used to certify a consistent evaluation of
contaminants that are widespread in the environment and reliable analytical procedures.
To test the reproduction category and review the data for the contaminants to be detected
from the samples in the environment, the recovery rates were obtained with the areas of the
peaks using the internal standard material, and one blank was used for every 10 samples.
The internal standard recovery rate was shown to be 50-125% for all the samples. The
method detection limits (MDLs) according to the PAH analysis items were determined by
analyzing seven blank solutions to obtain the standard deviation of the concentrations and
multiplying the standard deviation by 3.14 [18]. The obtained MDLs were shown to be in
the range of 0.20-1.92 ng/g.

3. Results and Discussions
3.1. Distribution of the PAHs Concentrations in Surface Sediment

Table 3 shows the concentrations of total PAHs (} 16 PAHs) and total alkylated PAHs
(Y- alkyl PAHs) substituted with alkyls of 16 types of priority management substances
designated by the EPA in the submarine sediments at five stations at the accident site.
The concentrations of } 16 PAHs were shown to be 199.1-605.1 (mean 301.2; standard
deviation 146.7; median 222.3) ng/g dw., and Station A, which was adjacent to the point
of collision of the Wu Yi San, was measured as 605.1 ng/g dw., which was the highest
concentration among the five stations. The concentrations of ) alkyl PAHs were shown
to be 1839.0-3071.9 (mean 2436.7; standard deviation 435.64; median 2578.4) ng/g dw.
Similarly, the concentration level measured at Station A was 3071.9 ng/g dw., which was
the highest concentration observed at all stations at the accident site and the 20 stations in
the subtidal zone near the accident zone throughout the investigation.

Table 3. Total concentration of 16 PAHs and alkylated PAHs in subtidal sediments at the Wu Yi San
oil spill site.

Stati Y16 PAHs (ng/g dw.) Y Alkylated PAHs (ng/g dw.)
tation
March 2014 March 2014
St. A 605.1 3071.9
St. B 205.3 1839.0
St. C 199.1 2530.9
St. D 200.8 2651.8
St. E 357.9 1900.9
St. F 239.2 2625.8
Min 199.1 1839.0
Max 605.1 3071.9
Mean 301.2 2436.7
SD 146.7 435.64

Median 222.3 2578.4
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Table 4 shows the concentrations of total PAHs (} 16 PAHs) and total alkylated PAHs
(>alkyl PAHs) of 16 priority management substances in the submarine sediments at 20 sta-
tions in the subtidal zone near the accident site. The levels of Y 16 PAHs were shown to
be 39.6-883.2 (mean 171.7; standard deviation 176.0; median 143.9) ng/g dw. in the first
sampling (May 2014), 83.9-397.2 (mean 175.1; standard deviation 72.3; median 157.0) ng/g
dw. in the second sampling (August 2014), 38.2-171.3 (mean 73.3; standard deviation 31.4;
median 65.5) ng/g dw. in the third sampling (November 2014), 27.4-215.2 (mean 77.4;
standard deviation 40.7; median, 75.6) ng/g dw. in the fourth sampling (February 2015),
and 22.2-133.9 (mean 42.2; standard deviation 24.3; median 33.8) ng/g dw. in the fifth
sampling, showing a tendency to decrease as the investigation time passed. Station 2,
which was relatively further away from the accident site, showed relatively higher mean
concentrations than stations 17 and 18, located in the vicinity of the accident site.

Table 4. Total concentrations of 16 PAHs and alkylated PAHs in sediments from Gwangyang Bay
and the Yeosu Channel.

Y16 PAHs (ng/g dw.) Y Alkylated PAHs (ng/g dw.)
Station May August November February May May August November February May
2014 2014 2014 2015 2015 2014 2014 2014 2015 2015
St. 1 195.8 193.6 63.1 38.2 133.9 335.8 361.9 380.0 234.0 168.9
St. 2 883.2 239.3 171.3 107.1 29.9 316.4 291.9 273.0 366.7 211.0
St. 3 192.5 170.6 101.2 215.2 38.5 343.5 95.4 2144 210.3 208.6
St. 4 1394 83.9 67.9 38.5 222 167.5 106.3 207.3 159.9 167.3
St.5 244.0 188.3 68.2 56.7 30.7 217.0 216.1 137.2 347.7 228.5
St. 6 65.4 99.5 59.2 35.6 64.8 156.0 168.3 109.1 74.2 159.9
St.7 115.1 146.7 52.7 47.3 23.5 188.3 173.4 125.8 242.0 225.2
St. 8 127.6 157.0 55.8 27.4 344 176.8 227.8 178.2 138.4 191.0
St. 9 169.0 397.2 68.3 66.2 25.0 149.0 227.0 2324 5244 272.3
St. 10 153.0 150.0 49.3 116.8 33.6 232.8 244.0 100.0 518.2 197.9
St. 11 148.5 140.0 38.2 76.2 322 283.8 200.8 175.3 139.7 212.6
St. 12 45.7 98.4 42.6 71.8 24.6 85.1 146.0 119.3 172.8 187.0
St. 13 39.6 204.7 85.6 96.2 32.8 1971 301.4 265.7 378.3 186.9
St. 14 43.6 237.8 109.8 36.8 46.0 1971 349.5 190.8 74.6 253.5
St. 15 54.6 - 97.7 92.2 49.5 280.8 - 2454 235.1 286.2
St. 16 223.3 227.0 1114 74.9 40.0 402.5 692.6 484.8 171.0 151.3
St. 17 246.9 115.7 754 80.4 31.1 238.4 250.7 320.1 215.9 232.8
St. 18 74.1 132.4 61.7 95.0 65.5 108.8 233.9 211.4 343.3 295.1
St. 19 186.8 103.1 46.5 96.0 52.0 242.3 145.8 171.0 263.9 265.4
St. 20 86.7 193.6 40.0 80.0 34.0 116.0 200.5 191.1 518.0 128.5
Min 39.6 83.9 38.2 27.4 22.2 85.1 95.4 100.0 74.2 128.5
Max 883.2 397.2 171.3 215.2 133.9 402.5 692.6 484.8 524.4 295.1
Mean 171.7 175.1 73.3 774 42.2 221.8 243.9 216.6 266.4 211.5
SD 176.0 72.3 31.4 40.7 243 82.8 127.4 92.7 136.4 45.1
Median 143.9 157.0 65.5 75.6 33.8 207.1 227.0 199.2 234.5 209.8

According to the results of the initial spill oil diffusion distribution modeling in an
investigative report on the impact of the Wu Yi San oil pollution accident on marine
pollution [19], the spilled oil spread from the vicinity of the initial accident spot (post-
accident day 0) to the center of the Yeosu coast (post-accident day 1 or 2) and then to the
Yeosu coast and the Namhaedo coast (post-accident day 3) along the weak tidal currents
that occur toward the coast of Yeosu. However, the distribution of spilled oil was low
at the center of the Yeosu Channel and near the accident spot located at the entrance of
Gwangyang Bay, where strong tidal currents are formed. Compared to the stations near
the accident area affected by strong currents, stations 1 and 2 were affected by weaker tidal
currents and showed somewhat higher concentrations compared to the other stations.

The ranges and mean values of the concentrations of }_Alkyl PAHs were shown to
be 85.1-402.5 (mean 221.8; standard deviation 82.8; median 207.1) ng/g dw. in the first
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sampling (May 2014), 95.4-692.6 (mean 243.9; standard deviation 127.4; median 227.0) ng/g
dw. in the second sampling (August 2014), 100.0-484.8 (mean 216.6; standard deviation
92.7; median 199.2) ng/g dw. in the third sampling (November 2014), 74.2-524.4 (mean
266.4; standard deviation 136.4; median 234.5) ng/g dw. in the fourth sampling (February
2015), and 128.5-295.1 (mean 211.5; standard deviation 45.1; median 209.8) ng/g dw. in
the fifth sampling (May 2015). These findings contradict those of the ) 16 PAH experiment,
and the concentrations remained constant with an average of 232.03 ng/g dw. instead
of decreasing or increasing with the number of samplings. The stations located on the
Yeosu coast, centered on the Yeosu Channel, including the waters near the accident site,
showed relatively higher mean concentration values compared to the stations located on
the Namhaedo coast, and the trend was similar to that of the } 16 PAHs, indicating that the
influence of tidal currents was reflected.

Notably, the concentrations of ) alkyl PAHs were shown to be higher than those of 16
PAHs. Consistent with the present study, the concentrations of alkyl-substituted PAHs in
crude oil are generally higher than those of 16 PAHs [20,21], which can be largely attributed
to the effect of crude oil in the study area where petrochemical plants are concentrated.
However, the foregoing results are distinguished from previous results in Masan Bay,
Haeam Bay, Unmun Bay, and Gohyeon Bay in South Korea [22], which are other waters
(3-16 PAHs > ) alkyl PAHs). It is expected that } 16 PAHs are predominant in those
previously studied areas because of anthropogenic characteristics, such as smoke and soot
generated by vessel navigation and densely populated cities.

Since the distance between station E and station 17 in the subtidal zone is approxi-
mately 100 m, the temporal PAH levels 1 month after the oil spill are illustrated using those
results (Figure 2). These results show that the concentration of } 16 PAHs decreased slowly
to 357.9 ng/g dw. 1 month after the spill, 246.9 ng/g dw. 3 months after the spill, and
227.0 ng/g dw. 6 months after the oil spill, and decreased drastically thereafter to 75.4 ng/g
dw. 9 months following the spill. The concentration was then maintained at relatively con-
stant levels until the 14th month. The concentration of ) alkyl PAHs drastically decreased
from 1900.9 ng/g dw. 1 month after the accident and further to 238.4 ng/g dw. following
the third month. The concentration was maintained at 251.6 ng/g dw. until the 14th month
following the spill.

Notably, Jang et al. [23] determined the distributions of PAH contamination derived
from the Wu Yi San oil spill in the forty-surface sediment on the intertidal zone in the
vicinity of the accident area. They highlighted the possibility that the fast tidal velocity and
82,880 volunteers elected for purification purposes both made 16 PAH levels considerably
decrease 4 months after the oil spill, i.e., a similar tendency shown in the present results.
In the subtidal zone, the Ministry of Oceans and Fisheries in Korea and The Korean Coast
Guard were devoted to preventing and controlling the spreading of the oil spill back then.
The disaster prevention personnel included 122,363 volunteers, 7873 people, 5709 ships,
29 helicopters, 27,320 cm of the oil fences, 98,726 kg of the oil adsorbent, and 3651 pieces of
disaster prevention equipment [24]. This tendency can be found in the } alkyl PAH levels
following the Hebei Spirit oil spill accident in Taean in December 2007, which drastically
decreased from 3800 ng/g on average immediately after the accident to the background
level by September 2008 [24].
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Figure 2. Variation in ) PAH concentrations and ) alkylated PAH concentrations in accident site
(2001 Y- PAHs Resi;ts [25], 2009 }_ PAHs Resi;ts [26]).

There were no secondary data for alkyl PAHs collected near stations E and 17 before
the accident. However, the concentration of 16 PAHs before the accident was 160 ng/g
dw. in 2001 [25] and 257.2 ug/kg dw. in 2009 (average of three results) [26]. The results of
investigations carried out 1, 3, and 6 months after the accident showed higher concentra-
tions than those in previous studies, but the results of the sampling carried out 9, 12, and
15 months after the accident, and thereafter, showed similar or lower levels.

As a result of study areas other than the oil spill accident area (Table 5), in the case of
South Korea, the concentrations of 16 PAHs at the five stations in the accident area were
higher than those in the coastal area of Incheon [27], Masan Bay, Haeam Bay, Unmun Bay,
and Gohyeon Bay [22]. The 20 subtidal stations near the accident site showed similar levels
to Haengam Bay and Masan Bay, but lower levels than Incheon Coast, Gohyeon Bay, and
Unmun Bay. With regard to overseas areas, the concentrations of 16 PAHs in the study area
were shown to be lower than those in Osaka Bay [28], the coast of Egypt [29], the vicinity
of the Arctic Ocean [30], the port of Naples in Italy [31], and the Italian coast [32]. The
concentrations of alkylated PAHs in the study area were higher than those in Masan Bay,
Haeam Bay, Unmun Bay, and Gohyeon Bay [22] in South Korea. With regard to global cases,
the levels in the study area were shown to be lower than those of the coast of Egypt [29],
while being higher than those in Osaka Bay [28] and in the vicinity of the Arctic Ocean [30].
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Table 5. Comparison of PAH concentrations in surface sediments between this and other studies.

Y PAHs, ng/g Dry wt.
Country Sampling Areas N* 16 PAHSs Alkylated Reference
PAHs

Korea Incheon coast 16 62.34-260.79 - [27]

Masan Bay 39 175 + 358 111 £ 116 [22]

Haengam Bay 39 133 £ 122 90.5 4+ 40.6 [22]

Wonmoon Bay 39 242 + 619 139 £ 102 [22]

Gohyun Bay 39 214 £+ 141 87.2+35.4 [22]

Italy Marine-protected areas 16 0.71-1550 - [32]

Naples harbour 16 9-31,774 - [31]

Japan Osaka Bay 39 6.40-7800 13.7-1700 [28]

Egypt Mediterranean coastal 39 3.5-14,100 10-7500 [29]

Arctic Ocean Chukchi Sea 39 30.5-601.1 93.0-2353.0 [30]
Korea 20 Station 34 39.6-883.3 85.1-692.6 this study
Korea (Ac Zi;f:‘;rc‘)im) 34 199.1-605.1 1839.0-3071.9 this study

Note: N*: analyzed numbers of PAH compounds in each study.

3.2. Distribution of the PAH Concentrations in Surface Seawater

Table 6 shows the results of 16 priority management PAHs (3 16 PAHSs) in the surface
seawater in the 20 sampling points. The concentration ranges of } ;16 PAHs were 2.2—40.3 ng/L
(average 20.9 £ 10.9 ng/L), 18.8-167.9 ng/L (average 59.7 £ 46.0 ng/L), 2.9-103.9 ng/L
(average 38.5 £ 31.8 ng/L), 9.0-56.3 ng/L (average 29.9 & 14.2 ng/L), and 5.1-12.5 ng/L
(average 8.4 £ 2.2 ng/L) in the first (May 2014), second (August 2014), third (November 2014),
fourth (February 2015), and fifth samplings (May 2015), respectively. The concentration had a
tendency to decrease over time.

In the previous study, higher PAH concentrations in surface seawater and suspended
particulate matter (SPM) were reported than in sediment [33]. Contrary to this, ) 16 PAH
levels in the surface seawater (average 31.5 ng/L) showed four orders of magnitude lower
than the level in the surface sediment (average 107.9 ng/g dw.). The levels of seawater
and sediment did not show a statistically significant correlation in each sampling time
(p-value > 0.50, Pearson correlation analysis) (Figure 3).

The investigation in the present study was carried out 1 month after the oil spill on
31 January 2014. The spilled oil had a light density, resulting in a buoyant characteristic.
This indicates that the oil was rapidly dispersed to the adjacent coasts rather than vertically
deposited to the sediment via the fast velocity of tidal currents (the maximum velocity of
42.2 cm/s) because the accident area had a specific geographical characteristic in the form
of a relatively narrow channel.

The modeling results stated above [19] reported that, within 3 days after the oil spill,
the PAH distribution in the seawater was not found, but it accumulated on the adjacent
coasts and beaches. Notably, ) 16 PAHs and ) alkyl PAHs in 40 coasts and beaches in the
previous study [23] were considerably higher than in the present study; the 16 PAHs ranged
from 489 to 2089 ng/g and accounted for 67% of the total PAHs (727-3121 ng/g), implying
that the previous modeling results [19] are persuasive. This sequence of results indicates
that the spilled oil was not resident in the seawater and horizontally spread toward the
adjacent coasts and beaches following the tidal current affected by the specific geographical
and meteorological characteristics, resulting in no statistical significance in the PAH levels
between the surface seawater and the sediment.
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Table 6. Total concentrations of 16 PAHs and alkylated PAH concentrations in surface seawater in
Gwangyang Bay and the Yeosu Channel.

Y16 PAHs (ng/L)
Station November Februa
May 2014 August 2014 2014 2015ry May 2015

St 1 2.2 167.9 11.0 15.9 9.1
St. 2 38.9 21.2 86.0 14.5 10.4
St. 3 249 549 74.4 375 9.3
St. 4 38.6 453 75.6 439 7.4
St. 5 39.8 46.6 81.6 46.0 6.5
St. 6 40.3 28.7 82.0 29.5 8.9
St. 7 25.7 40.0 2.9 32.0 10.2
St. 8 14.0 40.0 44.2 55.9 5.1
St. 9 17.8 46.0 11.0 9.0 6.5
St. 10 18.3 18.8 8.4 19.0 5.5
St. 11 154 19.7 13.1 56.3 8.2
St. 12 14.6 107.5 11.3 17.0 114
St. 13 14.6 97.0 18.5 17.1 8.2
St. 14 109 20.8 21.2 24.6 125
St. 15 11.8 - 17.7 26.5 114
St. 16 194 90.1 20.9 23.8 10.9
St. 17 16.2 21.4 34.1 9.7 6.7
St. 18 30.3 19.0 38.8 434 5.2
St. 19 11.2 82.5 12.7 404 6.2
St. 20 13.9 167.9 103.9 36.2 8.0
Min 2.2 18.8 2.9 9.0 5.1
Max 40.3 167.9 103.9 56.3 12.5
Mean 20.9 59.7 38.5 29.9 8.4
SD 10.9 46.0 31.8 14.2 2.2
Median 17.0 453 21.0 28.0 8.2

1000 1000
oMay-14 RI=0.3364 p-0.05 oMay-14 R*=0.1397 p-0.05
90 200 - 0.05
[ ohfug 14 R?=0.0323 p>0.05 oAug. 14  R*=0.0044 P~

800 oMov.14 R*=0.0555 p>0.05 800 | olov. 14 R?=0.0392 p>0.05
= 700 oFeb. 15 R?=0.1123 p>0.05 3 00 | o oFeb.15  R2=0.0224 p>0.05
: eMay-15 R*=0.0909 P>0.05 ) eMay-15 RI=0.0191 P>0.05
ﬁ 600 ";3 00 k

=
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A
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Figure 3. Correlation between 16 water PAHs, 16 sediment PAHs, and alkyl PAHs.

However, the present study analyzed the PAHs in the surface seawater regardless of
the present types of PAHs. The SPM acts as the essential carrier for pollutants in the marine
environment [34,35] because the hydrophobic property makes PAHs in surface seawater
adsorb to the SPM in the water column. The SPM is therefore one of the primary factors in
the transportation and weathering of PAHSs [36]. Furthermore, the fugacity of PAHs in the
seawater surface sediment is also the primary point on the fate of PAHs [37]. Since many
researchers highlighted the significant roles of PAH contamination in sediment, suspended
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particulate matter, and dissolved phases [36,37], this perspective should be implemented in
future work to understand the detailed current fate of PAHs.

3.3. Estimation of Origins through the Isomeric Ratio of PAHs

The PAHs are divided based on their origins, the combustion origin is introduced
into the ocean through the atmosphere, while PAHs originated from the oil is introduced
directly through land or ship activities. Notably, those with biological origin introduced by
living organisms were reported [38]. The inflow of these PAHs into the ocean can be traced
using the isomers of each of the 16 PAHs to determine the origins and routes of the inflow
of PAHs [27,39-41]. Therefore, many researchers have traced their origins using isomeric
ratios, and studies to trace pollution sources have been conducted using the isomeric ratios
of alkyl PAHs. Therefore, at the site of the Wu Yi San oil spill, the pollution source was
traced using the isomeric ratios of 16 PAHs and four alkyl PAHs (Table 7).

Table 7. Characteristic values of selected molecular ratios for pyrolytic and petrogenic origins of
PAHs.

. . . Pyrogenic  Petrogenic August November February Accident
Diagnostic Ratio ¢ 3o Origin ~ May 2014 2014 2014 2015 May 2015 point
LMW/HMW 2 <1 >1 0.05-0.37 0.10-0.26 0.06-0.62 0.13-5.10 0.29-1.22 0.31-0.92
IP/IP + BgP P >0.2 <0.2 0.55-0.68 0.58-0.64 0.15-0.81 0.40-0.90 0.70-0.77 N.D
MP/P € <1 >2 1.42-4.55 1.55-4.69 0.85-2.60 0.11-5.52 0.49-10.5 1.46-3.11
Pyrogenic index 4 >0.8 <0.223 0.18-2.76 0.33-1.63 0.20-0.62 0.12-0.99 0.09-0.28 0.07-0.18

Note: 2 LMW /HMW: ratio of four-to-six-ring unsubstituted PAHs (except perylene) to the sum of two- and three-ring
parent PAHs [42,43]. b 1p/IP + BgP: Indeno(1,2,3-CD)pyrene/Indeno(1,2,3-CD)pyrene+Benzo[ghi]perylene [44].
¢ MP/P: ratio of (3-methylphenanthrene+2-methylphenanthrene+9-methylphenanthrene+1-methylphenanthrene)
to phenanthrene [43,45]. ¢ Pyrogenic index: ratio of the sum of the concentrations of EPA-priority unsubstituted
three-to-six-ring PAHSs to the sum of the concentrations of five targeted alkylated PAH homologues [2].

Among the 16 isomeric ratios of PAHs, the MP/Phe and pyrogenic index (PI) ratios
showed oil origins and complex origins rather than combustion origins at several stations
(Figure 4a). Given that both LWM/HWM and IP/(IP + BgP) showed combustion origins
(Figure 4b), it was determined that 16 PAHs and alkyl PAHs were introduced from different
origins. In the case of the 16 PAHs, the isomeric ratios indicated combustion origins,
namely the combustion emissions from petrochemical plants densely located near the
accident site, oil combustion emissions from ship engines, and combustion emissions from
surrounding cities.

Pyrogenic Petrogenic 100 Pyrogenic Petrogenic
3.0 . T
! (A) © May-2014 i (B)
! © Aug-2014 !
27 0.90 A i
\ A Nov-2014 !
! 0.80 A A £ Feb-2015 !
* | 0‘ + May-2015 ]
21 ! -<: 070 A M ‘ A Accident point !
’ i o ~ - “ 1 2
® 1 P4
x 1 o ) o
g 18 ' 3, o 060 ) H S
2 i N & oo e . 3,
L2 15 : & 050 ' a
H ! =4 A 1
oo 1 a 1
S 12 1 = 0.40 A H
> ' !
a i 1
0.9 e e o e ] 0.30 1
- -Gk s ¢z :
| © 2 030 b e m oo e M <
06 A c 2 0.20 7 3
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Y % © A ket 1
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Figure 4. Plots of calculated (A) MP/P versus pyrognic index. (B) LMW /HMW versus IP/(IP + BgP)
index(LMW /HMW - Pyrogenic Origin : < 1, Petrogenic Origin : >1; IP/IP+BgP - Pyrogenic Origin : >
0.2, Petrogenic Origin : <0.2; MP/P - Pyrogenic Origin : < 1, Petrogenic Origin : > 2; Pyrogenic index -
Pyrogenic Origin : > 0.8, Petrogenic Origin : < 0.223).
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There was a report that the Y 16 PAH levels in the atmosphere were 47.66 and
56.15ng/m? in the two local industrial facilities in the study area and 70.64 and 97.58 ng/m?
in two local residential areas surrounding the present study area (Yeosu and Gwangyang
Cities, respectively) [33]. There are no studies on PAH contamination values derived from
the shipping movement. Indirectly, the active movement of vessel entries/departures,
109,539 ships were reported from January 2014 to May 2015 [46]. These previous reports
imply that the combustion origin from the industrial facilities, the residences, and the
shipping movement played an essential role in PAH contamination in the study area.

In the case of alkyl PAHs, the isomeric ratios indicated composite origins, including
the Wu Yi San oil spill and 56 other maritime accidents that occurred from 2008 to 2013
at Yeosu Port, Gwangyang Port, and access waterways (Ministry of Maritime Affairs and
Fisheries Central Maritime Safety Tribunal Maritime Accident Statistical Yearbook [47]),
and combustion origins due to industrial activities.

It has been reported that the double ratios of alkyl-substituted phenanthrene (C2-P,
C3-P) and alkyl-substituted dibenzothiophene (C2-D, C3-D) in the suspected sediments
can be used to trace oil origins and determine the contribution degrees of origin for the
presence or absence of oil introduced by maritime accidents or vessel activities [48,49].
Double ratios have been used to identify oils after the Exxon Valdez, Hebei Spirit, and Wu
Yi San oil spill accidents [2,22,23,48,49]. The double ratios of C2-D/C2-P and C3-D/C3-P
among the submarine sediments in this study were employed to trace and identify the oil
and explain the double ratios; these results are shown in Table 8 and Figure 5.

Table 8. Selected source diagnostic ratios for source identification.

Diagnostic Ratio

May 2014 August 2014 November 2014 February 2015 May 2015 Accident Point

C2-DBT/C2-Phe @
C3-DBT/C3-Phe P

0.11-1.27 0.13-2.03 0.27-1.34 0.12-2.26 0.49-1.49 0.63-1.68
0.16-1.23 0.39-1.48 0.20-0.58 0.20-0.44 0.08-1.28 0.55-0.91

Note: @ C2-DBT/C2-Phe: C2-Dibenzothiophenes/C2-Phenanthrenes. b C3-DBT/C3-Phe: C3-Dibenzothiophenes/
C3-Phenanthrenes.
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Figure 5. Plots of calculated C2-D/C2-P versus C3-D/C3-P.

The double ratios of C2-D/C2-P were in the range of 0.11-2.26 and those of C3-D/C3-P
were in the range of 0.08-1.48 in the water in and around the oil spill and were consistent
throughout whole stations. These values were similar to the results of the analysis of
double ratios for the intertidal sediment samples on the Yeosu and Namhaedo coasts after
the Wu Yi San oil spill accident [23]. The double ratios of the oil collected from the water
5 days after the accident and those of the Iraqi Basrah spill present in the oil pipeline were
expected to be identical with similar values, but they showed a different trend from the
double ratios obtained in this study. As they were similar to the double ratios of samples
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from the stations near the oil spill, it is possible that the level before the accident was
restored. In addition, data from existing literature [21] that analyzed the double ratios of
C2-D/C2-P and C3-D/C3-P for 14 representative types of crude oil imported into South
Korea were applied to the data in this study. According to the results (Figure 5), a station
where the double ratios of C2-D/C2-P and C3-D/C3-P were similar to the double ratios of
C2-D/C2-P and C3-D/C3-P in Oman Oil was found, but it should be further investigated
as this station was not near the oil spill of interest.

3.4. Levels of Biological Contamination in Submarine Sediments Due to PAHs

Although no control standards for the biological effects of PAHs on submarine sedi-
ments have been established in South Korea or worldwide, the US National Oceanic and
Atmospheric Administration (NOAA) has established the effect range low (ERL) and effect
range median (ERM), which are standards used for assessing the biological effects of the
PAH contamination of sediments in lakes [50]. The ERL standard is set as the concentration
when the bioeffect content of pollutants is 10% and the ERM standard is set as the concen-
tration when the bioeffect content of pollutants is 50% to manage sediments [50]. The ERL
and ERM standards are applied to the results of this study, as shown in Table 9.

Table 9. A comparison of ERM and ERL values with PAH concentrations in sediment samples from
Gwangyang Bay and the Yeosu Channel.

Sites with PAHs Concentration

Compound SQG, ng/g dw. PAHs, ng/g dw. above the ERL or ERM
ERL ERM Min Max Between ERL and ERM Above ERM
Naphthalene 160 2100 21.9 54.6
Acenaphthylene 44 640 N.D. 2.3
Acenaphthene 16 500 N.D. 9.9
Fluorene 19 540 N.D. 12.9
Dibenzothiophene 190 1200 3.9 7.9
Phenanthrene 240 1500 46.4 73.0
Anthracene 85 1100 4.8 119
Fluoranthene 600 5100 43.6 113.6
Pyrene 665 2600 31.9 84.5
Benzo[a]anthracene 60 1600 4.0 34.3
Chrysene 380 2800 7.5 48.7
Benzo[a]pyrene 430 1600 N.D. 52.6
Indeno(1,2,3-CD)pyrene 240 950 N.D. N.D.
Dibenz(a,h)anthracene 63 260 N.D. N.D.
Denzo[ghi]perylene 85 330 N.D. N.D.
2-Methylanphthalene 70 670 N.D. N.D.
1-Methylanphthalene 85 800 N.D. N.D.

C2-naphthalenes 150 1450 85.6 197.8 St. A
Cl-phenanthrenes 170 2000 74.6 190.1 St. A, B
C2-phenanthrenes 200 2500 233.6 379.7 St. A,B,C,D,E, F

Cl-dibenzothiophenes 85 600 31.0 51.6
Total 4022 44,792 588.8 1325.4

The 16 PAHs and alkyl PAH levels in the 20 adjacent surface sediments (St.1-5t.20)
from the accident area were considerably lower than the ERM and ERL. As stated above in
the previous model [19], there were PAH levels in the intertidal zone [49], and the present
study results indicate that the spilled oil was rapidly dispersed and accumulated in the
adjacent coasts and beaches rather than in the accident area. This may result in the PAH
level being below the ERL.

Contrary to this, the C2-naphthalene, C1-phenanthrene, and C2-phenanthrene con-
centrations in the accident area showed higher than the ERL. The three PAH levels in St A,
where the distance was approximately 100 m from the accident point, were highlighted.
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Notably, C2-phenanthrenes in the entire accident area were higher than the ERL because
these sediment samples were collected 1 month after the oil spill nearby the accident point.

In previous research studies, ERL and ERM values were validly employed to assess
the biological effects of PAH contamination. However, the final sampling in the present
study was implemented 7 years ago, and it is challenging to represent the current situation.
It is necessary to comprehensively assess recent PAH contamination values using the
sediment guideline and an additional environmental risk assessment, such as the risk
quotient (RQ) [37,51-53]. Establishing a strategic future research plan in this study area in
essential to overcome the limitations of the present study mentioned earlier.

4. Conclusions

The present study determined the variations in PAH contamination values in the
subtidal surface sediment with oil fingerprinting and assessed its contamination values in
the Wu Yi San oil spill in Yeosu City, Korea. The PAH levels in St.E and St.17, which have a
short distance from the accident area, decreased considerably over time. Remarkably, the
tendency was highlighted 4 months after the oil spill. This might be derived from the fast
tidal current and effective prevention and control efforts by the Korean government. There
were no statistically significant correlations between surface sediment and seawater in the
PAH levels. This indicates that the fate of PAHs in the surface seawater rapidly spread
toward the adjacent coasts and beaches rather than being retained on the water column.
The isomeric ratios of the 16 PAHs showed that the pyrogenic origin was dominant. There
was no correlation between the 16 PAHs and the alkylated PAHs, indicating that alkylated
PAHs were derived from the complex origins accompanying the combustion and oil spill
sources. Notably, the double ratios of PAHs in this study were distinguished from the
accident oil. The present study is the first to determine the Wu Yi San oil spill using oil
fingerprinting in the subtidal surface sediment in the study area. The strategic research
plan should be established to comprehensively assess the current PAH contamination
variations from the oil spill in the subtidal surface sediment based on this preliminary
study as a cornerstone.
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