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Abstract:  
 
Chemical contamination of the coastal marine environment by polychlorinated dibenzo-p-dioxins 
(PCDDs) and polychlorinated dibenzofurans (PCDFs) was assessed along with emerging 
contaminants such as polybrominated diphenyl ethers (PBDEs) in an industrially well-developed 
country (France) and a fast-developing country (Korea). Other chemicals, i.e. nonylphenol (NP) and 5 
β(H)-cholestan-3β-ol (coprostanol) were determined to trace industrial waste and/or domestic inputs. 
These compounds were analyzed in coastal sediments and mussels in two enclosed coastal water 
bodies: Masan Bay (South Korea) and Thau lagoon (France). The overall levels of target organic 
contaminants were higher in Masan Bay than in Thau lagoon. The mean concentrations of 17 
PCDD/Fs, 13 PBDEs, NP and coprostanol in Masan Bay sediments were, respectively, 1.3, 11, 248 
and 291 ng g−1 dry weight (d.w.); in Thau lagoon sediments they were, respectively, 0.39, not 
detectable (nd), 23 and 395 ng g−1 d.w. Mean concentrations in mussels (coprostanol and cholestanol 
were not measured) were 0.0093, 13, 140 ng g−1 d.w. in Masan Bay and 0.016, 0.94, 38 ng g−1 d.w. in 
Thau lagoon. Principal component analysis of the contaminants and chemical tracers indicates 
possible point sources of pollution for Masan Bay and Thau lagoon. This study highlights a growing 
pollution problem in Asia and in particular a tremendous uptrend in Korea, in comparison to more 
controlled discharges and releases in Western Europe.  
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1. Introduction 

KORDI (Korea Ocean Research and Development Institute) and IFREMER (French Research 

Institute for Exploitation of the Sea) conducted a joint research project on the current status of 

marine coastal environmental pollution in both countries under the ‘Science and Technology 

Amicable Relationship (STAR)’ program.  

The aim of this joint study was to evaluate and compare the status and characteristics of 

persistent organic chemical contamination in coastal areas of France and Korea. Historical 

contaminants such as polychlorinated dibenzo-p-dioxins (PCDDs), polychlorinated 

dibenzofurans (PCDFs) and emerging pollutants such as polybrominated diphenyl ethers 

(PBDEs) were studied in two enclosed water bodies: Masan Bay in Korea and Thau lagoon in 

France. PBDEs are of great concern in Asia (Martin et al. 2004) and in particular in Korea, 

whose economy depends heavily on industries such as computers, home appliances, textiles and 

automobiles, the manufacture of which involves the use of brominated flame retardants. From a 

global perspective, Korea consumes more than 10% of the total production of flame retardants 

and the observable trend indicates that this figure will not decrease in the near future (Jang et al. 

2001, Moon et al. 2007a). 

In addition to historical and emerging contaminants, nonylphenol (NP) and sterols were also 

determined in the samples collected in both countries. NP was studied as a sewage/industrial 

wastewater tracer, whereas 5 b(H)-cholestan-3b-ol (coprostanol) was studied as a typical marker 

of  sewage pollution. Studies have shown that coprostanol cannot, unambiguously, be attributed 

alone to faecal pollution, as the diagenetic degradation of sterols in anoxic environments may 

also give rise to coprostanol. Hence, in order to standardize the effect of the natural production of 

coprostanol in the environment, a sterol ratio was proposed by Grimalt et al. (1990) i.e., Ccoprostanol 
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/ (Ccholestanol + Ccoprostanol) [5b/(5a+5b)]. In order to fine-tune this index, 5 a(H)-cholestan-3b-ol  

(cholestanol) was determined in sediment samples. Application of this index is explained further 

on. Interestingly, NP is a pollutant on its own respect. It is a very potent endocrine, disrupting 

chemical and degradation product of non-ionic surfactant, alkylphenol polyethoxylates entering 

aquatic environments via industrial and municipal wastewater discharges due to their widespread 

usage in cleaning products and industrial processes (Giger et al., 1984; Rice et al., 2003; Cheng 

et al., 2006). 

This study enabled us to evaluate the pollution status of partially-enclosed coastal water bodies 

in two world locations with different pollution sources and lifestyles. Moreover, France is 

recognized as a developed country, whereas Korea is in the process of becoming a fully-

developed country. Industrialization began in Korea in the late 1960s, incurring massive 

economic, social and political transformations. Industrialization started on the south-eastern 

shores, where ports suitable for worldwide trading already existed. Among the region's various 

heavily-industrialized and rapidly-urbanized bays, Masan Bay is one of the largest. Masan Bay 

has already been the focus of many studies on pollution, mainly by organotins, alkylphenols, 

organochlorine pesticides, polychlorinated biphenyls (PCBs), polycyclic aromatic hydrocarbons 

(PAHs), PCDDs and PCDFs (Shim et al. 1999; Khim et al., 1999; Hong et al., 2003; Im et al., 

2002; Yim et al., 2005; Kannan et al., 2007). Thau lagoon is one of the largest Mediterranean 

lagoons, located in the South of France on the Mediterranean coast. This lagoon receives inputs 

from various anthropogenic sources, i.e. urban, industrial, agricultural and shellfish farming 

activities. Previous surveys indicate that sediments are highly contaminated by PAHs and, to a 

lesser extent, by PCBs, compared to other Mediterranean lagoons (Castro-Jimenez et al., 2008, 

Léauté, 2008). 
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This paper highlights the outcome of our joint study, involving measurements of PCDD/Fs, 

PBDEs, NP, coprostanol and cholestanol.  The results presented here provide new data and are of 

particular relevance in view of the lack of environmental data on PBDEs, especially in Asia 

(Martin et al., 2004). 

 

2. Materials and methods 

2.1. Sampling 

Masan Bay is a semi-enclosed bay situated in the southern area of Korea (Fig. 1a). This bay is 

surrounded by heavily-populated cities and industrial complexes discharging significant amounts 

of organic pollutants into the bay. Masan Bay is bordered by the heavily-populated cities of 

Masan, Changwon and Chinhae; several industrial complexes comprising petrochemical, heavy 

metal, electrical, and plastic factories discharge significant amounts of organic pollutants directly 

into the bay. Discharges from a municipal sewage treatment plant also enter the bay close to 

sampling site S12/M12. The semi-enclosed nature of the bay, its very weak currents (2-3 cm/s) 

and the long residence time of water (10–12 h) inside the inner bay lead to accumulation of 

pollutants in water and sediment. 

Thau lagoon covers a surface area of 75 km2, with an average depth of 4-5 m and a maximum 

depth of 11 m. Its catchments area covers 250 km2. The lagoon is isolated from the 

Mediterranean Sea by an offshore barrier and is connected to the sea by two channels (Fig. 1b). 

Tidal amplitudes are commonly weak in the Mediterranean. However, the renewal rate of water 

inside the lagoon is still substantial, with up to 12% of the water mass exchanged within 3 days 

(Souchu et al., 1997). The lagoon receives inputs from various human activities, i.e. urban 

activities, industries (cement, fertilizer and wine production plants), port activities and 
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agriculture (crops and vineyards). The majority of urban, industrial and port activities are 

situated near the city of Sète in the Eastern part of the lagoon. Fishing, fish farming and shellfish 

farming, the latter covering about 20% of the total area of the lagoon, are other major regional 

industries. This lagoon is highly contaminated by organic contaminants compared to other 

Mediterranean lagoons (Castro-Jimenez et al., 2008). 

Mussel (Mytilus galloprovincialis) and sediment samples were collected from Thau lagoon, 

France in May 2004, and from Masan Bay, Korea, in May 2006 (Fig. 1a and 1b). Surface 

sediment samples were collected using a van Veen grab sampler (Masan Bay samples) and using 

a sediment corer (Thau lagoon samples). In both cases, sub-samples of upper 2 cm sediment 

were collected with a stainless steel spatula for further analysis. Mussels were collected manually 

in both bays and depurated at room temperature for 24 hours before further treatment. This 

allowed a natural removal of gut content from the mussels, hence facilitating an accurate 

assessment of contaminant concentrations in soft tissues. Each sample comprised at least 60 

individuals of uniform size (45-55 mm). The mussels were shucked, crushed and homogenized 

with a blender, then stored at –20 °C. Both sediment and mussel samples were freeze-dried and 

transported for analysis to the respective laboratories in France and Korea. PCDD/Fs and PBDEs 

in mussels and sediments were analysed at IFREMER in France, while the other contaminants 

were analysed at KORDI in Korea. 

 

2.2. Chemical analyses 

PCDD/F and PBDE analysis 

The analytical protocols for extraction and cleanup of PCDD/Fs and PBDEs have been 

described elsewhere (Johansson et al., 2006; Munschy et al., 2008). The analytical procedure 
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consists of extraction of 5 g dry weight (d.w.) of mussel flesh and 7 g d.w. of sediment using 

pressurized solvent extraction (ASE, Dionex Corp., USA), followed by gel permeation 

chromatography on Bio-Beads S-X3 (200-400 mesh) (mussel samples) or removal of sulphur 

with activated copper (sediment samples), and fractionation on silica and alumina columns, then 

on a two-dimensional high-performance liquid chromatography system. Quantification of the 

seventeen PCDD/F congeners substituted in 2,3,7,8 positions was based on the isotopic dilution 

method stipulated by US EPA method 1613, and was done using High Resolution Gas 

Chromatography - High Resolution Mass Spectrometry (HRGC-HRMS) with an AutoSpec 

Ultima (Waters), equipped with an RTX-Dioxin2 (Restek Corp., USA) capillary column (40 m x 

0.18 mm x 0.18 µm film thickness).  

PBDE congeners, namely BDE-28, -47, -49, -66, -77, -85, -99, -100, -138, -153, -154, -183 and 

–209 were analyzed following the method described by Johansson et al. (2006), using an Agilent 

6890 series gas chromatograph coupled to an Agilent 5973 quadropole mass spectrometer in 

electron capture negative ionisation mode (ECNI) using methane as the reagent gas. 1-mL 

injections were made in the on-column mode and the injector was programmed to track oven 

temperature. Determination of all PBDEs except BDE-209 was achieved using a DB5-MS (40 m 

x 180 mm (i.d.) x 0.18-mm film thickness) fused-silica capillary column (J&W Scientific, USA). 

The GC oven temperature program was as follows: isothermal at 60 °C for one min, 40 °C/min 

to 180 °C, 15 °C/min to 240 °C, 4 °C/min to 305 °C, then held at 305 °C for 2 min. A shorter 

column was used for BDE-209: a DB-1 (15 m x 250 µm x 0.10 µm film thickness) (J&W 

Scientific, USA), using the following temperature program: 70 °C for 1.5 min, 40 °C/min to 

175 °C, 10°C/min to 250 °C, 50 °C/min to 320 °C, then held at 320°C for 3 min. The GC to MS 

transfer line was held at 280 °C and the ion source temperature was set to 210 °C. Selected ion 
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monitoring of the two bromide ions at m/z 79 and 81 was used to detect all PBDEs except BDE-

209, for which 486 and 488 ions were monitored. Quantification was done by external 

calibration. BDE-190 was used as an internal (injection) reference standard, and BDE-139 was 

used as the surrogate (recovery) standard. 

Nonylphenol (NP) was analyzed in sediment and mussel samples according to the methods of 

Li et al. (2003 and 2008). Briefly, about 3 g of sediment (wet) was placed in a 50 mL Teflon 

centrifuge tube with a Teflon cap. After the addition of 5 mL of 0.1 M HCl solution, the sediment 

samples were extracted with dichloromethane (DCM). 5g of freeze-dried mussel was extracted 

with DCM using Soxhlet apparatus for 16 hours. Surrogate standards (heptylphenol and 

bisphenol A-d14) were added before extraction. Micro concentration and solvent exchange 

followed by derivatization (BSTFA (N,O-bis (trimethylsilyl) trifluoroacetamide) were performed 

for both samples. In the case of sediment, activated copper was added to remove sulphur, 

followed by Na2SO4 (anhydrous) to remove water before derivatization. After this, samples were 

placed on a florisil column and eluted with hexane. The concentrated eluents were analyzed by 

gas chromatography (Shimadzu GC 2010)-mass spectrometry (Shimadzu MS 2010) with 

selected ion monitoring mode after addition of 200 ng of GCIS. Conditions for GC/MS analysis 

have been described in previous reports (Li et al., 2001). 

In order to determine the concentrations of coprostanol and cholestanol, a 1g dry sample was 

extracted using the pressurized solvent extraction (ASE 200 A, Dionex Corp, USA) technique 

with dichloromethane (Li et al., 2007). Prior to extraction, 5a-androstan-3b-ol was added for 

monitoring recovery of coprostanol and cholestanol. Briefly, sediment samples were ground and 

placed in a 33 ml stainless steel cell. Before loading the sample, a cellulose filter and Na2SO4 

(anhydrous) were packed in the cell. The extraction was carried out at 120oC and 1500 psi. Static 
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and extraction times were 5 and 15 mins. respectively. Compressed nitrogen gas was used to 

purge the extract and solvent into the corresponding vial. Dichloromethane was used as an 

extracting solvent. The processes including concentration, silyl derivatization and clean-up steps 

were similar to phenolic compounds analysis. Coprostanol and cholestanol were analyzed on the 

same GC/MS system used for the phenolic analytes, with different final temperature and 

fragment ions.  

 

2.3. Quality Assurance / Quality Control 

The quality assurance/quality control (QA/QC) procedures described below apply to all target 

chemicals including analyses of blanks, replicate samples, standard reference materials, and use 

of spiked internal standards. For PBDE and PCDD/F analyses, for which external contamination 

could be the most problematic, samples were processed in the laboratory in a clean, low-dust 

atmosphere, under positive pressure. Recovery standards were added at the beginning of the 

procedure and pursued throughout the extraction, cleanup, and instrumental analysis steps in 

order to determine recovery of the procedure as a whole. The following, specific quality 

assurance steps were used to ensure measurement accuracy and precision: one procedural blank, 

one matrix spike, one duplicate sample and one standard reference material were run with each 

batch of up to 20 samples. Blanks were generally uncontaminated by the study compounds, apart 

from BDE-209 which was the most frequently detected compound, but at low levels (i.e. usually 

below 5 pg µl-1 injected). For this reason, BDE-209, also detected at low levels in mussel 

samples, was not reported for biota. Conversely, BDE-209 levels in sediments were far higher 

than levels detected in the blanks. 

The French laboratory routinely participates in the QUASIMEME (Quality Assurance of 
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Information for Marine Environmental Monitoring in Europe) inter-comparison exercises for 

PCDD/Fs and PBDEs in mussels and fish, and Z scores are generally found to be within the 

satisfactory range. Similarly, the Korean laboratory takes part in inter-laboratory exercises on 

persistent organic chemicals with satisfactory results. 

Analyses of reference materials were incorporated in our sample analyses and used to monitor 

overall method accuracy. The material used for biota was WMF-01 (Wellington laboratories, 

Canada), a freeze-dried fish tissue containing certified reference values for BDE congeners 28, 

47, 99, 100, 153 154 and 183, and certified or information values for the 17 2,3,7,8-PCDD/F 

congeners. WMS-O1 (Wellington laboratories, Canada), a freeze-dried sediment providing 

certified values for 2,3,7,8 PCDD/Fs, except 1,2,3,7,8,9-hexachlorodibenzofuran for which only 

an indicative value was assigned, was also used for QA/QC. Unfortunately, no reference 

sediment was commercially available for PBDEs at the time of this study. Hence, the laboratory 

used sediments provided by QUASIMEME as reference samples. 

 

3. Results and discussion 

3.1. Levels 

Detailed concentrations of PCDDs, PCDFs, PBDEs, NP, coprostanol and cholestanol are 

shown in Table 1 for sediments and in Table 2 for mussels. As coprostanol and cholestanol are 

biological molecular markers useful for determining sources of sewage pollution, they are 

typically measured in sediments and not in mussels. Generally speaking, study contaminant 

levels in Masan Bay samples were higher than those in Thau Lagoon samples. For example, 

average concentrations (Masan Bay: n=5; Thau Lagoon: n=6) (ng g-1 dry weight d.w.) of the 17 

PCDD/Fs, 13 PBDEs, NP, coprostanol and cholestanol in Masan Bay sediments were 1.3, 11, 
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248, 291 and 482 ng g-1 d.w. respectively. Values for Thau Lagoon sediments were 0.39, not 

detectable (nd), 23, 395 and 4450 ng g-1 d.w.. The average concentrations of 17 PCDD/Fs, 12 

PBDEs (BDE 209 excluded) and NP determined in Masan Bay mussels were 0.0092, 13, and 

140 ng g-1 d.w., while levels were 0.016, 0.92 and 38 ng g-1 d.w. in Thau lagoon.  

 

3.1.1. PCDD/Fs 

The summed concentrations of PCDD/Fs in sediments at most sites were at least three times 

higher in Masan Bay (1.35 ng g-1 d.w.) than in Thau lagoon (0.47 ng g-1 d.w.). PCDD/F 

concentrations in sediments from Masan Bay were higher than those found in other 

industrialized areas such as Yeongil, Ulsan, Busan and Gwangyang bays in Korea, or Qindao, 

China (Koh et al., 2004; Moon et al., 2008; Pan et al., 2008), while the levels in Hong Kong 

sediments were higher than those in Korea (Kueh et al., 2008). PCDD/F concentrations in Thau 

lagoon sediments were in the range of those found in Venice lagoon, except at site TS12, where 

concentrations were higher but remained far below the maximum concentrations found in Venice 

channels directly impacted by industries (Dalla Valle et al., 2003). Thau lagoon PCDD/F 

concentrations in sediment were generally low except at site TS12, and within the range found in 

remote marine and lake sediments (Isosaari et al., 2002). 

The spatial distribution of PCDD/Fs in Masan Bay indicated that the inner part of the bay was 

more contaminated than the outer part, except at site S12 where a municipal sewage outlet is 

located, and where the highest levels for PCDD/Fs were found (4.68 ng g-1 d.w.). Moon et al. 

(2009) reported that PCDD/F concentrations observed in a sediment core collected adjacent to 

the Masan Bay sewage treatment plant were one order of magnitude higher than in an inner bay 

sediment core (sample). Similarly high concentrations of PCDD/Fs in sediment have also been 
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reported in the vicinity of a sewage treatment plant in Hyengsan River, Korea (Koh et al., 2004). 

In Thau lagoon, the highest concentrations of PCDD/Fs were found at site TS12 (1.66 ng g-1 

d.w.) in the Eastern part of the lagoon, and the lowest concentrations at site TS2, located in the 

Western part. This suggests that main sources of contamination by PCDD/Fs are situated in the 

Eastern part of the lagoon, where its main urban and industrial activities are located.  

Moreover, PCDD concentrations at most sites in both Korea and France were found to be 

higher than PCDF concentrations. However, PCDF levels at site S12 in Masan Bay were 

approximately two times higher than PCDD levels. This implies that sewage discharges, carrying 

both domestic and industrial wastes, constitute a point source. Kannan et al. (2007) underlined 

the fact that the chemical, electrical and steel industries that have developed along the shores of 

Masan Bay could all have contributed to PCDD/F inputs into the bay. A recent publication on the 

historical trends of PCDD/DFs in Masan Bay stressed that PCDD/F concentrations and fluxes 

have rapidly increased since the opening of the waste water treatment plant (WWTP), indicating 

that WWTP discharges are a major source of sediment contamination in the bay (Moon et al., 

2009). In addition, processes such as municipal and chemical waste incineration (including 

uncontrolled trash burning), hospital waste incineration and other combustion processes may 

result in the production of a range of PCDD/PCDF isomers in Masan Bay sediments. All these 

factors, coupled with a quest to increase the country's productivity, may have contributed to the 

recent increase in PCDD/Fs in Masan Bay. Conversely, PCDD/F emissions in mainland France 

have dropped drastically in recent years, decreasing by a factor of three between 1995 and 2000 

(CITEPA, 2007). In response to regulations relating to emissions, a general downtrend in 

PCDD/Fs in mussels has also been observed on French coasts (Munschy et al., 2008).  

Interestingly, PCDD/F concentrations in Thau lagoon mussels were slightly higher (PCDFs=1.3 
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times; PCDDs=2.1 times) than in Masan Bay mussels (Table 2). The highest concentration (21.4 

pg g-1 d.w.) was found at site TM1 in the Western part of Thau lagoon, whereas the highest 

concentration (14.6 pg g-1 d.w.) in Masan Bay was found in the inner bay. While PCDDs and 

PCDFs showed similar levels in mussels from Masan Bay, the concentrations of PCDDs were 

higher than those of PCDFs in mussels from Thau lagoon, mainly due to OCDD contributions. 

When results were expressed in WHO-TEQ (Toxic Equivalent), TEQ concentrations at both sites 

were shown to be below the maximum level set by the European Commission (EC) for fishery 

products intended for human consumption, which is 4 pg WHO2005-TEQ g-1 ww (EC No 

199/2006). The concentrations reported here for Thau lagoon samples (0.075-0.27 pg g-1 w.w.) 

were in the lower range of those reported for mussels collected in 2004 and 2005 along French 

coasts (Munschy et al., 2008). They were also in the lower range of concentrations reported in 

other European countries (Bayarri et al., 2001; Knutzen et al., 2003; Bordajandi et al., 2006; 

Caixach et al., 2007) and in Asia (Moon et al. 2006, Hashimoto et al. 1999, Oh et al. 2003). 

However, an earlier Masan Bay oyster study reported a higher average level of 9.2 pg g-1 ww 

(Hashimoto et al. 1998).  

 

3.1.2. PBDEs 

PBDE concentrations in sediments are presented in Table 1. No detectable (<10 to 100 pg g-1 

d.w. related to congener) residues of these compounds were found in Thau Lagoon sediments. 

Conversely, in Masan bay, residues were detected from 3.5 to 25 ng g-1 d.w., with a mean value 

of 11 ng g-1 d.w. (sum of the 13 congeners), the predominant congener being BDE-209. 

Concentrations of these chemicals in sediments was several orders of magnitude higher in 

Masan Bay than in Thau lagoon, reflecting the country's industrial growth and increasing 



14 

 

demand for manufactured products. However, PBDE concentrations in sediments from Masan 

Bay were lower than the maximum levels reported on Korean coasts by Moon et al. (2007a), and 

in comparison to those reported in Japan, Hong Kong and the US (Ohta et al., 2002; Liu et al., 

2005; Oros et al., 2005). 

Nonetheless, PBDEs were found in all mussel samples from Thau Lagoon, although at 

relatively low concentrations, e.g. 0.63 to 1.44 ng g-1 d.w. (mean value 1.03 ng g-1 d.w for the 

sum of 12 congeners, n = 3). The levels in Masan Bay mussels were at least 10 times higher, with 

concentrations ranging from 1.38 to 27.3 ng g-1 d.w (mean value 12.9 ng g-1 d.w., n = 5). The 

contamination of mussels by PBDEs has been studied previously in Thau lagoon; the data 

reported here complies with previous data obtained by the same IFREMER team (Johansson et 

al., 2006). As reported in Johansson’s paper, Thau lagoon was one of the least contaminated sites 

studied along France's coasts (Atlantic, English Channel, and Mediterranean). In comparison to 

data collected in other areas of the world, mussels from Thau lagoon show low contamination by 

PBDEs. Although the number of analysed PBDE congeners differed, the concentrations reported 

in Europe, i.e. Greenland, Norway, Belgium and the Netherlands were in the 0.06 to 28 ng g-1 

d.w. range (Moon et al., 2007a). BDE-47, which is reported as being the predominant congener 

in mussels, was much higher in samples from the US and Brazil (refs in Johansson et al., 2006). 

Levels in Masan Bay mussels appear to be lower than in Hong Kong (Liu et al., 2005), Pearl 

River-China (Mai et al., 2005) and Osaka Bay-Japan (Ohta et al., 2002), but higher than levels on 

the Yellow Sea coast of China (Bohai) (Wang et al., 2009). 

 

3.2. Congener patterns of PCDD/Fs and PBDEs 

The isomer composition of PCDDs and PCDFs showed differences when the two matrices 
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were compared, while the average pattern was similar between regions using the same matrix 

(Fig. 2). The average pattern in sediment in both regions was clearly dominated by OCDD, 

followed by 1,2,3,4,6,7,8-HpCDD, 1,2,3,4,6,7,8-HpCDF, and OCDF (Fig. 2). OCDD was found 

to be the predominant congener in deposits on a worldwide scale (Brzuzy and Hites, 1996), 

attributed to the production and use of PCP and to the photochemical synthesis of 

pentachlorophenol (PCP) in the atmosphere (Baker and Hites, 2000). OCDD predominates in the 

majority of sources (Zhu et al., 2008), which are mainly combustion processes (MacDonald et al., 

1998). Although the congener profiles found in sediment could result from mixed sources, the 

pattern observed, which was dominated by hepta- and octa-CDDs, could well be linked to 

pentachlorophenol-related inputs (Hassanin et al., 2006). In a recent publication on sediment 

cores, Moon et al. (2009) concluded that pre-1994 samples, i.e. prior to the WWTP in Masan Bay, 

invariably reflected PCP and chloronitrofen (CNP) usage.  

A principal component analysis on the composition of individual PCDD/F congeners was 

attempted (Fig. 3). Three principal components (PCs) with eigenvalues above one were chosen, 

explaining 88% of total variation. PC1 opposes OCDD to the other congeners, while PC2 

opposes high chlorinated PCDFs (hexa-, hepta- and octa) to the other congeners (Fig. 3). Three 

groupings are visible in Masan Bay sediments: the sewage outlet site (S12), the inner bay sites 

(S5 and S8) and the outer bay sites (S20, S21). The singular pattern observed at site S12 is linked 

to high inputs of OCDF, hexa- and hepta-CDFs. A similar observation was made recently by 

Kannan et al. (2007) and Moon et al. (2009) on sediments from Masan Bay.  

The isomeric composition of sediment was found to differ from that of mussels, in which 

2,3,7,8-TCDF and OCDD are the dominant congeners (Fig. 2). This observation appears to be 

typical of mussels and corresponds to previous observations in other marine areas (Abad et al., 
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2003 Munschy et al. 2008).  

The congener composition of PBDEs in Masan Bay sediment was dominated by BDE-209 

(Table 1), owing to the fact that the commercially-available PBDE flame retardant used in Korea 

is largely the deca-mix PBDE formulation (Cischem, 2005). In both Asia and Europe, the deca-

mix formulation is currently used in greater volumes than the octa-mix and penta-mix 

formulations (Law et al., 2006). BDE-209 is generally identified as the predominant congener in 

sediments, as it is highly hydrophobic and tends to adsorb to particulate matter. This congener 

has also previously been reported as the main congener in atmospheric deposits in Korea (Moon 

et al. 2007b). Its levels have increased exponentially since 1990 in response to increasing 

demand for decaBDE products for electronic goods manufacture in Asia, and in particular in 

China (Law et al., 2008). The predominant congeners in mussels were tetra- and penta- 

brominated BDEs (BDE-47, -99 and -100) in both Masan Bay and Thau lagoon (Table 2). This 

pattern was also reported in an earlier study on mussel samples from coastal areas in Korea 

(Kannan et al., 2005), and in studies on biological samples worldwide (Wang et al., 2008). BDE-

209 levels were not found to be significantly different from those of the blanks, probably because 

this congener does not accumulate easily in organisms (Kierkegaard et al., 1999; Booij et al., 

2002). Some authors have reported BDE-209 in mussels, but this is generally thought to be owed 

to a failure to depurate mussels before analysis, in which case BDE-209 may be found in the gut 

or mantle (Moon et al. 2007a; Ramu et al., 2007).  

 

3.3. Chemical tracers used in source identification 

Three additional chemicals were studied as tracers of industrial and sewage pollution in addition 

to the above inferences. Nonylphenol, which is a raw material and biodegradation product of 
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nonylphenol polyethoxylates (NPEs) (Giger et al., 1984; Rice et al., 2003; Cheng et al., 2006), 

could reveal, along with other contaminants, industrial pollution sources (Hong et al., 2009). 

NPEs have long been used in a wide variety of consumer products such as personal hygiene 

products, washing products and cleaners. Commercial products such as floor and surface 

cleaners also contain NPEs, and many industries (textile and pulp) used it as a surfactant or 

cleaner (Ferguson et al., 2001; Isobe et al., 2001; Sabik et al., 2003). Conversely, coprostanol and 

cholestanol are generally used as molecular markers to trace domestic pollution and especially 

human faecal pollution. Coprostanol is produced from the hydrogenation of cholesterol by 

bacteria in the human digestive system (Rosenfeld and Gallagher, 1964; Martin et al., 1973) and 

cholestanol is formed naturally in the environment by bacteria or the autochthonous production 

of phytosterols from high primary productivity; generally speaking, it is not of faecal origin 

(Martins et al., 2007). High levels of coprostanol have been found in human and mammalian 

faecal matter and domestic waste waters (Grimalt et al. 1990; Jeng et al., 1996; Hong et al., 

2009). A ratio of Ccoprostanol / (Ccholestanol + Ccoprostanol) [5b/(5a+5b)] was suggested (Grimalt et al. 

1990) to cross-validate the pollution source. Ratios of >0.7 indicate urban sewage inputs, <0.3 

indicate unpolluted sediments and 0.4-0.6 indicate a complex intermediary situation (Reeves and 

Patton, 2001).  

Nonylphenol levels in sediments were higher, by at least a factor of 20, in samples from the 

inner Masan Bay versus samples from the outer bay. Conversely, levels in Thau lagoon were 

fairly uniform except at sites TS11 and TS12, where concentrations were higher (by a factor of 8) 

than those found at the other sites. Coprostanol showed its highest concentration at site S12 in 

Masan Bay. However, inner bay levels (S5 and S8 sites) were higher than outer bay level (S20 

and S21 sites) by a factor of 14. Contrary to the other chemical tracers, coprostanol 
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concentrations were higher in the eastern part of Thau Lagoon. After comparison of all the study 

contaminants, sites S5, S12 and TS12 showed high levels of PCDD/Fs and PBDEs as well as NP, 

indicating both industrial and domestic pollution inputs.  

The 5b/(5a+5b) ratio showed sites S12 and S5 in Masan Bay to have the highest values, 

although these values remained below 0.7, hence implying a complex intermediary situation. The 

inner bay was shown to have higher values than outer bay, reflecting the extent of impact inside 

the bay. Sites TS14 and TS12 in Thau lagoon had the highest values, but these remained <0.3, 

indicating a low impact due to faecal pollution. 

 

4. Conclusions 

This joint research study on the levels and composition of persistent contaminants in two semi-

enclosed water bodies in France and Korea revealed higher levels of all contaminants in Korea, 

hence reflecting the thrusting development of this country since 1960s, coupled with the limited 

impact of existing regulations relating to chemicals. In addition, the measurement of 

industrial/domestic chemical markers and a sewage (faecal) marker in sediment samples helped 

identify possible point sources of pollution. This was especially clear in Masan Bay, where a 

sewage treatment plant has been identified as a primary source of pollution. The congener 

patterns showed differences in biota and sediment. Mussels showed a time-integrated 

accumulation pattern which was comparable at both sites, whereas sediments showed more 

specific contamination according to their location. Toxic equivalent calculations (TEQs) for 

PCDD/Fs in mussels from both France and Korea showed levels to be far lower than the 

maximum limit set by the European Commission for seafood safety. This study clearly points out 

that more rigorous monitoring is needed in Korea to help the authorities control and regulate the 
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country's growing levels of chemical contamination. 
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Table.1. Concentration (pg g-1 dw or ng g-1 dw) of polychlorinated dibenzo-p- dioxins (PCDDs), polychlorinated 
dibenzofurans (PCDFs), polybrominated diphenylethers (PBDEs), nonylphenol, coprostanol and cholestanol in 
sediment samples from Masan Bay, Korea and Thau Lagoon, France. 

Compound 
 Masan Bay   Thau Lagoon 

S5 S8 S12 S20 S21  TS14 TS12 TS11 TS10 TSC4 TS2 
PCDD/Fs (pg g-1 dw)            
2378-TCDF 23 4.3 52 0.7 0.9  1.28 13 3.77 2.89 2.63 0.67 
12378-PeCDF 18.8 8.1 116 1 1  0.44 5.05 1.62 1.25 1.2 0.27 
23478-PeCDF 18.7 8.8 122 1.1 1.2  0.54 6.21 2.27 1.77 1.63 0.32 
123478-HxCDF 23 16.9 252 2.2 2  0.62 6.57 1.98 1.54 1.71 0.42 
123678-HxCDF 19.9 16.2 250 1.6 1.4  0.49 4.51 1.76 1.34 1.42 0.39 
234678-HxCDF 18.6 17 260 1.8 1.6  0.74 6.16 2.26 1.99 1.84 0.48 
123789-HxCDF 5.9 4.5 82 0.6 0.4  0.15 1.35 0.45 0.35 0.4 0.13 
1234678-
HpCDF 

62 71 1035 9.6 8.6  3.24 60 11 8.42 9.17 2.17 

1234789-
HpCDF 

7 9.2 161 1.3 1.1  0.18 3.99 0.72 0.53 0.73 0.19 

OCDF 55 68 765 17.7 12.6  2.6 99 11 6.9 8.9 1.7 
             
2378-TCDD 2.9 1.1 5.9 0.2 0.2  0.06 1.15 0.12 0.09 0.11 0.03 
12378-PeCDD 7.5 4.3 56 0.6 0.7  0.22 2.27 0.6 0.48 0.57 0.18 
123478-HxCDD 3.6 2.8 36 0.4 0.5  0.2 2.08 0.57 0.43 0.57 0.13 
123678-HxCDD 8.7 4.9 52 0.9 0.9  0.57 7.46 1.44 1.09 1.19 0.32 
123789-HxCDD 7 4.6 50 0.8 1.3  0.8 5.54 1.43 1.07 1.21 0.31 
1234678-
HpCDD 

61 49 413 14.1 13.7  9.46 162 23 16 18 3.73 

OCDD 415 429 976 262 212  78 1270 162 107 115 22 
             
Sum PCDFs 252 224 3095 38 31  10 206 37 27 30 6.74 
Sum PCDDs 506 496 1589 279 229  89 1451 189 126 137 27 
Sum PCDD/Fs 758 720 4684 317 260  99 1657 226 153 167 34 
             
PBDEs (pg g

-1
 dw)            

28 <30 <30 <30 <30 <30  nd nd nd nd nd nd 
47 220 <30 141 44 77  nd nd nd nd nd nd 
49 36 <30 121 <30 <30  nd nd nd nd nd nd 
66 <30 <30 <30 <30 <30  nd nd nd nd nd nd 
77 <30 <30 <30 <30 <30  nd nd nd nd nd nd 
85 <30 <30 <30 <30 <30  nd nd nd nd nd nd 
99 375 49.5 319 30 63  nd nd nd nd nd nd 
100 <30 <30 <30 <30 <30  nd nd nd nd nd nd 
138 <30 <30 <30 <30 <30  nd nd nd nd nd nd 
153 154 <30 103 <30 <30  nd nd nd nd nd nd 
154 <30 <30 <30 <30 <30  nd nd nd nd nd nd 
183 476 44.2 <30 67 143  nd nd nd nd nd nd 
209 23700 4770 12600 3310 6680  nd nd nd nd nd nd 

Sum PBDEs 24961 4864 13284 3451 6963  nd nd nd nd nd nd 
             
Pollution tracers (ng g

-1
 dw)         

Nonylphenol 504 206 471 37 24  8.4 70 20 8.8 8.3 <2.8 
Coprostanol 227 83.8 1100 29.9 16  815 767 427 21 61 279 
Cholestanol 364  501  1280  180  86   5430  6150 7210  4120  730  3040  
5b/(5b+5a) 0.38  0.14  0.46  0.14  0.16   0.13  0.11  0.06  0.07  0.08  0.08  

nd: not detected, 5b=Ccoprostanol, 5a= Ccholestanol
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Table.2. Concentrations (pg g-1 dw or ng g-1 dw) of polychlorinated dibenzo-p-dioxins 

(PCDDs), polychlorinated dibenzofurans (PCDFs), polybrominated diphenyl ethers (PBDEs) and 

nonylphenol in mussel samples from Masan Bay, Korea and Thau Lagoon, France.  

Compound 
Masan Bay  Thau Lagoon 

M5 M8 M12 M20 M21  TM2 TM4 TM1 
PCDD/Fs (pg g-1 dw)          
2,3,7,8-TCDF 2.8 1.8 1.7 0.6 1.1  4.0 3.5 2.7 
1,2,3,7,8-PeCDF 0.6 0.2 0.4 0.2 0.3  0.3 0.3 0.4 
2,3,4,7,8-PeCDF 1.1 0.5 0.8 0.3 0.4  0.6 0.4 0.6 
1,2,3,4,7,8-HxCDF 0.3 0.1 0.2 0.1 0.2  0.1 0.1 nd 
1,2,3,6,7,8-HxCDF 0.4 0.2 0.2 0.2 0.2  nd 0.2 nd 
2,3,4,6,7,8-HxCDF 0.5 0.2 0.4 0.2 0.2  0.2 0.2 0.4 
1,2,3,7,8,9-HxCDF 0.1 0.1 0.1 0.1 0.1  nd <0.06 0.2 
1,2,3,4,6,7,8-HpCDF 1.1 0.4 0.7 0.4 0.5  0.4 0.5 1.0 
1,2,3,4,7,8,9-HpCDF 0.1 nd 0.1 nr nd  nd <0.07 0.3 
OCDF 0.7 0.3 0.6 0.3 0.6  0.4 0.4 1.2 
          
2,3,7,8-TCDD 0.2 nd 0.1 nd 0.1  nd 0.1 nd 
1,2,3,7,8-PeCDD 0.5 0.3 0.4 0.1 0.2  nd nd 0.2 
1,2,3,4,7,8-HxCDD 0.2 nd 0.1 <0.07 0.2  nd <0.07 0.3 
1,2,3,6,7,8-HxCDD 0.3 0.1 0.2 0.1 nd  0.16 <0.06 0.4 
1,2,3,7,8,9-HxCDD 0.2 nd 0.2 0.1 0.2  0.17 0.1 0.5 
1,2,3,4,6,7,8-HpCDD 1.3 0.5 0.8 0.6 0.8  1.57 1.6 2.9 
OCDD 4.2 1.5 2.8 2.5 4.7  6.44 5.4 10 
          
Sum PCDFs 7.7 3.8 5.2 2.4 3.6  6.0 5.6 6.8 
Sum PCDDs 6.9 2.4 4.6 3.4 6.2  8.3 7.2 14.3 
Sum PCDD/Fs 14.6 6.3 9.9 6.0 9.7  14.3 12.8 21.4 
WHO2005-TEQ 
lowerbound  

0.272 0.139 0.213 0.075 0.109  0.143 0.128 0.181 

          

PBDEs (pg g-1 dw)          

28 468 266 366 104 85  263 <70 165 
47 10300 3830 11500 841 648  635 368 307 
49 981 433 968 155 141  71 nr <70 
66 629 266 671 <70 <70  <70 <70 <70 
77 <70 <70 <70 <70 <80  <48 nr <56 
85 515 163 608 <70 <80  <48 <33 <56 
99 7040 2960 8340 489 332  283 177 151 
100 3600 1220 3990 255 171  189 81 136 
138 <70 <70 <70 <70 <80  <48 <33 <56 
153 291 144 387 <70 <80  <48 <33 <56 
154 472 215 473 <70 <80  <48 <33 <56 
183 <70 <70 <70 <70 <80  <48 <33 <56 
209 < 100 < 100 < 100 < 100 < 100  < 100 < 100 < 100 

Sum PBDEs 24296 9497 27303 1844 1377  1441 626 759 
          

Nonylphenol (ng g-1 dw) 289 170 111 77 51  32 42 40 

nd: not detected (because of bad isotopic ratio); nr: not resolved (chromatographic co elution) 
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Figure legend 
 
Fig. 1. 

a. Map of Masan Bay showing the sampling sites. Both sediment and mussel were collected at 

the same site. Thus, M5, M8, M12, M20 and M21 indicate mussel samples, and S5, S8, S12, S20 

and S21 indicate sediment samples. Point sources of contamination such as STP (Sewage 

Treatment Plant) and Urban Industrial Complex are indicated on the map. Big cities on the shore 

such as Masan, Changwon and Chinhae are indicated as well. 

b. Map of Thau Lagoon in the Gulf of Lions, Mediterranean Sea showing the sampling sites. 

TM1, TM2 and TM4 indicate sites where mussel was collected. TS2, TSC4, TS10, TS11, TS12 

and TS14 indicate sites where sediment was sampled. 

 

Fig. 2. 

Isomeric composition of PCDDs and PCDFs in sediment and mussel from Masan Bay and Thau 

lagoon. 

 

Fig. 3.  

Principal component analysis (a) score plot and (b) loading plot of the PCDD/Fs congener 

patterns and NP in sediments and mussels from Masan Bay and Thau lagoon. Individual 

congener concentrations are normalized to total PCDD/Fs. 
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