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Abstract To assess the level of polychlorinated biphenyl
(PCB) contamination and identify their sources, surface
sediments were collected from selected locations along
Nakdong River, Korea, and analyzed for 209 PCB cong-
eners using high-resolution gas chromatography/high-
resolution mass spectroscopy. PCB levels ranged from
0.124 to 79.2 ng/g dry weight (coplanar PCBs 0.295 to
5720 pg/g dry), which were similar to those of three other
major rivers (Han, Geum, and Youngsan rivers) in Korea
but slightly lower than those in neighboring countries.
Regarding homologue composition, tetra-CBs were most
abundant in most samples, but some samples with much
higher PCBs concentrations had relatively lower propor-
tions of tetra-CBs and higher proportions of penta- to
hepta-CBs. To identify the sources of PCBs in sediment
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samples, principal component analysis/absolute principal
component scores (PCA/APCS), positive matrix factor-
ization (PMF), and multiple linear regression (MLR) were
used with the congener composition of aroclors (1242,
1248, 1254, and 1260) and the flue gas of waste incinera-
tors (data obtained from a previous article) as source pro-
files. Results showed that the three models showed similar
source apportionments. Most sediment samples with lower
PCB concentrations had higher proportions of incineration-
derived materials, and some sediment samples with much
higher PCB concentrations had higher proportions of
aroclor 1260. This occurred because many industrial
facilities, such as landfill leachate—treatment facilities,
were gathered around sampling points with high PCB
concentrations, and high-chlorinated PCBs are more stable
in the elution process of landfill leachate than the incin-
eration process. PCB concentrations estimated by APCS,
PMF, and MLR were similar to the measured values with
coefficients of determination ranging from 0.77 to 0.99.

Polychlorinated biphenyls (PCBs) have been used exten-
sively in various industries, such as dielectric fluids in
capacitors and transformers, resins, wax extenders, flame
retardants, dedusting agent, adhesives, inks, and pesticides
(Kim et al. 2004; Lee et al. 2001; Loganathan and Lam
2011; UNEP/CHEMICALS 1999). Although the use and
production of PCBs has been prohibited due to their sig-
nificant adverse effects on the environment and human
health, pollution is still of great concern in Korea. In par-
ticular, liquid wastes, including insulating oils in trans-
formers and capacitors, have been regulated at relatively
lower levels (2 mg PCBs/L liquid waste) than in other
countries. The National Institute of Environmental
Research (NIER) of Korea has conducted annual surveys of
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endocrine-disrupting compounds (including PCBs) in
environmental media, such as air, soil, and water, etc.
However, the surveys were performed less intensively
(focused on other environmental matrices, such as ambient
air, soil, etc.) on sediments, although sediment is an
important environmental matrix as the final destination of
environmental pollutants and food supplier to organisms in
the food chain (NIER 2007).

Nakdong River is the second largest river in Korea, and
its basin covers approximately 74% of the southeastern part
of Korea. Its total length is 521.5 km, and the basin area is
23,817 km?. Approximately 1.32 billion tons of water are
used annually by industries, with approximately 381 mil-
lion tons used per day for residential purposes and
approximately 2.86 billion used annually for agricultural
purposes. In addition, a wide variety of flora and fauna
inhabit Nakdong River; therefore, its role in the environ-
ment around the southeastern area of Korea is crucial. The
pollution of Nakdong River has been a long-term concern
because various sources of pollution, such as industrial or
agricultural wastewater-treatment facilities, landfills, and
livestock night soil-treatment facilities, etc., exist along the
river. In particular, the river-restoration project is now
proceeding in four major rivers (Han, Nakdong, Geum, and
Youngsan rivers) in Korea. Therefore, the hydrospheric
environment of Nakdong River has been disturbed and will
be under the potential influence of accumulated pollutants.
As with many pollutants, PCBs emitted from sources also
tend to be adsorbed and accumulated by soils and sedi-
ments, depending on the surface area and properties of the
particulates, because they are hydrophobic and denser
than water (Donna and Ralph 1996; Bonifazi et al. 1997;
Kodavanti et al. 2008). In addition, rain, floods, and river
discharges can result in the accumulation of PCBs in sed-
iments (Smith et al. 1988).

Therefore, assessment for PCB contamination levels and
their source(s) are essential to prevent further contamina-
tion and to protect the valuable living resources of Nak-
dong River. The objective of this study was to determine
congener concentrations in sediments from upstream,
midstream, downstream, and marsh areas and to identify
PCB sources using multivariate factor analysis.

Materials and Methods

Sample Collection

Sampling points were selected by considering tributaries,
vicinity of pollution sources, and availability of sample
collection. Sample collection was performed intensively

from May to June 2006. A total of 21 sampling points were
selected and distinguished by their positions along the river
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as well as the density and location of pollution sources:
upstream (6 points), midstream (7 points), downstream (5
points), and marsh (3 points). Three duplicate samples
were collected at each point. Surficial sediment was col-
lected using a grab-type sampler at a sampling depth of
approximately 2 cm from the surface. Collected samples
were preserved in wide-mouth glass bottles (1,000-mL
volume; precleaned using acetone and n-hexane), protected
from light, and stored at —4°C, without disturbing. The
sampling points are shown in Fig. 1.

Sample Pretreatment and Instrumental Analysis

Collected samples were air-dried indoors, and their water
content was measured periodically (approximately every 2
to 3 days). Dried samples were pulverized and then sieved
using a 2-mm sieve. Extraction of samples was performed
for >16 h using a Soxhlet extractor and toluene as the
solvent. Before extraction, a surrogate standard (EC-4977;
Cambridge Isotope Laboratories) was injected. The solvent
of the extracts was completely changed from toluene to
n-hexane, and then sulfuric acid treatment was performed
until the extract was colorless. Multilayer column cleanup
was then performed. Adsorbents were filled into a glass
apparatus from the bottom as follows: 1 g of neutral silica
gel (activated at 130°C for >19 h), 2 g of 30% potassium
hydroxide-coated silica gel, 1 g of neutral silica gel (acti-
vated at 130°C for >19 h), 4 g of 44% sulfuric acid-coated
silica gel, 1 g of neutral silica gel (activated at 130°C for
>19 h), 1 g of 10% silver nitrate-coated silica gel, and 2 g
of anhydrous sodium sulfate. The absorbent-filled column
was precleaned using 50 mL of n-hexane before loading
the extracts, and 120 mL of n-hexane was used for elution.
After multilayer column, copper column was performed to
remove sulfur, which is easily contained under anaerobic
conditions. Then alumina column [activated at 190°C for
>19 h (14 g)] was finally performed. Before elution, the
alumina column was precleaned using 50 mL of n-hexane.
The prefraction (90 mL of n-hexane) was discarded, and
the postfraction (30 mL of 50% dichloromethane/n-hex-
ane) was used for instrumental analysis. After injection of
an internal standard (EC-4979; Cambridge Isotope Labo-
ratories), high-resolution gas chromatography/high-resolu-
tion mass spectroscopy (HRGC/HRMS) analysis was
performed. HRGC/HRMS analysis was performed in the
electron impact/selected ion monitoring mode, and the
resolution was >10,000. The column was a DB-5MS cap-
illary column (60 m x 0.25 mm x 0.25 pm; J&W Scien-
tific). All reagents and organic solvents used in this study
were of PCB or pesticide analytical grade. The detailed
procedures for pretreatment of the samples and instru-
mental analyses were based on the Analytical Methods of
Endocrine Disrupting Chemicals (NIER 2005) and United
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Fig. 1 Sampling points along the Nakdong River. Samples 1-6 = upstream; samples 7-13 = midstream; samples 14—18 = downstream; and

samples 19-21 = marsh

States Environmental Protection Agency (USEPA) method
1668A. The toxic equivalent (TEQ) concentration was
calculated using toxic equivalency factors of the World
Health Organization (1998).

Multivariate Factor Analysis

The basic assumption for receptor models is that the con-
centration of a pollutant at a receptor for a given sample is
the linear sum of the products of the emission profile and
the contribution of sources; samples are well mixed with
chemicals from different sources, and chemicals are rela-
tively stable during transport from the emission source to

the receptor site. PCA, the most widely used tool in envi-
ronmental science, decreases the number of variables while
retaining as much of the original information as possible.
In general, each factor extracted from PCA is associated
with a source and characterized by its most representative
chemical(s) (or PCB congener[s] in this study). Principal
component analysis/absolute principal component scores
(PCA/APCS), the details of which have been described
elsewhere (Guo et al. 2004b; Thurston and Spengler 1985),
was used in this study.

Positive matrix factorization (PMF) is multivariate fac-
tor analysis, with nonnegative constraints, that decomposes
a matrix of sample data into two matrices (factor

@ Springer



414

Arch Environ Contam Toxicol (2012) 62:411-423

contributions and factor profiles) using oblique solutions;
in other words, the results are constrained so that no sample
can have a negative source contribution. This method
defines the concentration matrix of chemical species
measured at receptor sites as the product of source com-
position and contribution factor matrices with a residual
matrix. PMF allows each data point to be weighed indi-
vidually. This feature allows the analyst to adjust the
influence of each data point depending on confidence in the
measurement. For details on PMF, please refer to Paatero
(1997) and Paatero and Tapper (1994).

In contrast, unlike PCA/APCS or PMF, previous infor-
mation (congener composition of source) is necessary for
multiple linear regression (MLR). However, if source
profiles have already been obtained, MLR can be a useful
method for source identification of an individual sample,
even with only few data. The detailed procedure of MLR
used in this study has previously been described in Kim
(2004) and Park et al. (2009).

Data Preparation for Multivariate Factor Analysis

Using all 209 congeners could be useful for source iden-
tification, but there were too many for both the PCA/APCS
and PMF models to compare with the number of sediment
samples in this study. Thus, some congeners were selected
from all possible congeners for both PCA/APCs and PMF,
with the others being excluded from these receptor models.
In this study, two criteria were applied for congener
selection: detection magnitude in the source profile (i.e.
predominance in congener composition of source profiles)
and distinction from other sources.

According to these two criteria, 37 congeners (25 con-
gener groups by coelution) (#10&4, #9&7, #14, #11,
#12&13, #15, #17, #72&71, #84, #97&86, #85&120, #151,
#135&144, #141, #128, #179, #182&187, #183, #174&
181, #177, #180&193, #170&190, #199, #203&196, and
#194) were selected. Sixteen samples (e.g., S3-2, S3-3,
S5-1, S5-2, S5-3, S12-1, S12-2, S19-1, S19-2, S19-3, S20-
1, S20-2, S20-3, S21-1, S21-2, and S21-3) that exhibited
too many missing values (refer to the Supplementary
information for details on missing values) were excluded
from the raw data set. Therefore, the final data set com-
prised 25 rows (congener groups) and 47 columns (sedi-
ment samples).

Missing values or data below the detection limits may
cause uncertainty in source identification. However, these
can be changed to another statistical value, e.g., data below
detection limits can be changed to half the detection limits,
and missing values can be replaced with the average of the
other samples’ data. The purpose of this was not only to
retain the originality of the raw data set but to also prevent
invalid statistical interpretation. In this study, the ratio of
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missing values or data below the detection limits in the
selected data set was <10%, and these were substituted for
other statistical values using the method of Polissar et al.
(1998). Regarding the final data set for multivariate factor
analysis and the detection limits for individual PCB
congeners, please refer to Tables S1 and S2 of the Sup-
plementary information.

Results and Discussion

Concentration Distribution of PCBs in Sediment
Samples

The levels of total PCBs ranged from 0.124 to 79.2 ng/g
dry weight [average 6.88 (median 0.335)]. In terms of
coplanar PCBs (12 congeners: #81, #77, #123, #118, #114,
#105, #126, #167, #156, #157, #169, and #189), the con-
centrations ranged from 0.295 to 5,720 pg/g dry weight
[average 518 (median 13.9)], and TEQ values ranged from
0.000251 to 3.18 pg WHO-TEQ/g dry weight [average
0.404 (median: 0.0196)]. Total recovery rates were
approximately 38 to 119%, but mono- and di-CBs had
relatively lower ranges (approximately 38 to 56%), and the
others (tri- to deca-CBs) had higher recovery rates
(approximately 76 to 119%).

According to the annual survey on EDCs in environ-
mental media by the NIER in Korea (NIER 2007), the
levels of coplanar PCBs in sediments from four major
rivers ranged from not detectable (ND) to 5,060 pg/g
(average 938), which was similar to the results obtained in
this study. The concentration distribution of PCBs in sed-
iments from rivers in Korea has been reported previously.
Koh et al. (2004) and Kim et al. (2009) analyzed PCB
concentrations in sediment samples from the Hyeongsan
and Han rivers, and the results ranged from 1.0 to 170 ng/g
dry weight (14 congeners) and from 0.415 to 4.53 ng/g dry
weight (12 coplanar PCBs), respectively. Jeong et al.
(2001) investigated PCB levels in Nakdong River sedi-
ments, and levels ranged from 1.1 to 141 ng/g dry weight,
which was higher than found in this study, even though
only 43 congeners were analyzed. However, note that the
sampling date was approximately 7 years earlier (May
1999) than this study. In addition, Ren et al. (2009)
reported levels of coplanar PCBs in East River sediment in
China that ranged from 48 to 270 pg/g dry weight; there-
fore, they were lower than those found in this study. In
addition, Liu et al. (2007), Zhang et al. (2010), and Hung
et al. (2006) reported higher levels of PCBs than those
reported in this study: 0.775 to 154 ng/g dry weight (18
congeners in Haihe River, China), 44.3 to 154 ng/g dry (18
congeners in Dagu Drainage River, China), 1.85 to
1,076 ng/g dry (18 congeners in Liaohe River, China), and
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ND to 83.9 ng/g dry (85 congeners in Danshui River,
Taiwan). Generally, PCB concentration distributions in
Korean river sediments are regarded as being slightly lower
than those in neighboring countries. Table 1 lists the PCB
concentrations found in this study and in neighboring
countries.

In terms of homologue composition, tri- to hexa-CBs
predominated, with tetra-CBs having the highest concen-
trations. In particular, sample S-8, which showed the
highest PCB concentration (48.5 to 79.2 ng/g dry weight),
had higher proportions of hexa- and hepta-CBs than the
other samples. However, the isomer composition of each
homologue was similar for almost all samples, with high-
chlorinated biphenyls (hexa- to octa-CBs) being more
prominent. Similar results have been reported in previous
articles on atmospheric and soil samples (Kim 2004; Park
et al. 2009).

PCA/APCS

Before performing PCA, information matching each
extracted factor to a specific source was needed. Therefore,
the congener composition of each source (e.g. aroclors
1242, 1248, 1254, 1260, and incineration) obtained from
the USEPA Web site (http://www.epa.gov/toxteam/pcbid/
download/aroclor_frame.xls) was used. There is no proof
that aroclor is the only PCB product used in Korea, but
aroclors (1242, 1248, 1254, and 1260) are being used as
qualification and quantification standards in the Korean
Waste Official Test Method. The compositions of aroclors
and kanechlors (PCB products made in Japan) are similar.
Under these circumstances, inputting aroclors as a PCBs
source in this study was regarded as reasonable. In contrast,
some previous articles have reported that PCBs could also
be emitted by way of thermal processes involving chlorine-
containing materials or combustion byproducts, such as
fuel combustion, waste incineration, and iron oxidation,
etc. (Ikonomou et al. 2002; Ishikawa et al. 2002). Shin

et al. (2006) reported the concentration and congener pat-
terns of all 209 PCBs in flue gases of industrial and
municipal incinerators in Korea. The composition of
incineration data was obtained from this reference.
Attempts were made in this study to distinguish the 209
PCBs into 2 or 3 groups by way of hierarchical cluster
analysis (HCA) to avoid unreasonable exclusion of incin-
eration from the independent variables using statistical
calculations of the receptor models. As a result of HCA, 2
or 3 source profiles for incineration were obtained, but the
correlation of these 2 or 3 groups was high, with almost no
difference from the apportioned results: Mean values came
from a set of 15 incineration data. Thus, the average of 15
incineration data was used as an independent variable. The
fraction composition of each source is shown in Fig. 2.

PCBs #9&7, #14, #11, and #12&13 had higher propor-
tions in incineration material, and #10&4, #15, and #17
were predominant in aroclor 1242. PCB #72&71 had
higher proportion in aroclor 1248, and PCBs #84, #97&86,
and #85&120 were predominant in aroclor 1254. In addi-
tion, most high-chlorinated PCBs (such as #151,
#135&144, #141, #179, #182&187, #183, #174&181,
#177, #180&193, #170&190, #199, #203&196, and #194)
had higher ratios in aroclor 1260.

When conducting PCA using data sets with 25 rows
(congener groups) and 47 columns (sediment samples), a
relatively obscure result for the source identification was
obtained: The regression coefficients of some factors were
negative; there were seldom-extracted factors that matched
source profiles of aroclors and incineration; and these factors
showed a merged pattern of plural aroclors, if any. Conse-
quently, the coefficient of determination (including the
changed coefficient of determination) of the regression
analysis was low, and the significance level of the regression
coefficients for each extracted factor was high (p > 0.05).
Some investigators, such as Guo et al. (2004a), Ito et al.
(2004), and Park et al. (2010), classified a raw data set into
two or three groups using sampling location or sampling

Table 1 PCBs concentrations found in this study and in other river sediments of neighboring countries

Region Sampling date PCBs concentration Coplanar-PCBs No. of PCB References

(ng/g dry) (ng/g dry) congeners
Nakdong River, Korea May—June 2006 0.124-79.2 0.295-5720 209 This study
Nakdong River, Korea May 1999 1.1-141 - 43 Jeong et al. (2001)
Masan Bay, Korea - 1.24-41.4 - 22 Hong et al. (2003)
Hyeongsan River, Korea February 2001 1.0-170 - 14 Koh et al. (2004)
Han River, Korea November 2005 - 41.5-4530 - Kim et al. (2009)
East River, China April 2007 - 48-270 - Ren et al. (2009)
Haihe River, China July 2003 0.775-154 - 18 Liu et al. (2007)
Dagu Drainage River, China July 2003 44.3-154 - 18
Liaohe River, China July 2004 1.85-1076 - 18 Zhang et al. (2010)
Danshui River, Taiwan November 2004 ND-83.9 - 85 Hung et al. (2006)
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Fig. 2 Fraction composition of
each source with the 25
congener groups
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period. Grouping a raw data set in this way can be useful, i.e.,
in the case where obvious results cannot be obtained from a
raw data set as mentioned previously. In this study, however,
applying those criteria (sampling location or sampling per-
iod) was regarded as unreasonable to some extent because
the sampling points were scattered around the river, and the
sampling period was relatively short.

In contrast, separated homologue patterns were observed
with some samples as mentioned previously. Most samples
had the highest proportions of tetra-CBs in their homo-
logue compositions, but some had relatively low propor-
tions of tetra-PCBs but higher proportions of penta- to
hepta-CBs. When considering the similarity between the
isomer compositions for each homologue, regardless of the
total PCB concentration and the hypothesis for a receptor
model, i.e., “the behavior of chemicals are relatively stable
during the transport from the emission source to the
receptor site,” the difference in the homologue composi-
tion may imply different source-related conditions (for
example, the existence of an unknown source) (Kim 2004).
In addition, some samples had extremely high total con-
centrations compared with others. Because they could be
outliers by way of statistical interpretation with a raw data
set, the result could be affected by these outliers if not
grouped separately or excluded. Thus, our raw data set was
classified into two groups by considering both the homo-
logue composition and total PCB concentrations of 25
congener groups; thereafter, one-way multivariate analysis
of variance was conducted, and a statistical difference was
found between the two groups: Wilks’ lambda (1) was
0.175, and the significance level (p) was <0.05. It was
thought that the result of the source identification may
become clearer by grouping the raw data set; therefore,
further receptor modeling was separately conducted using
each group. Samples no. S1, S2, S3, S4-1, S6, S7, S10,
S11, S12, S13, S14, S15, and S16 [n = 33 (including
duplicates)] were classified as group 1, and sample S4-2,
S4-3, S8, S9, S17, and S18 [n = 14 (including duplicates)]
were classified as group 2, in which the samples contained
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relatively lower proportions of tetra-CBs and higher pro-
portions of penta- to hepta-CBs.

SPSS 12.0 (SPSS Inc.) was used for PCA, in which
factors with Eigenvalue >1.0 were extracted. The axis of
the extracted factors was rotated using VARIMAX method,
which is a commonly used orthogonal rotation method.
Table 2 lists the rotated factor loadings of each factor from
PCA, which were compared with the fraction composition
of each source. Four factors were extracted, accounting for
84.97 and 95.82% of the variances in groups 1 and 2,
respectively. Factor loadings >0.55 are highlighted in
boldface; these were compared with the fraction profile in
Fig. 2 to identify each extracted source.

Group 1

Factor 1 (56.09% of the total variance) showed high cor-
relations for high-chlorinated biphenyls (#84, #85&120,
#151, #135&144, #141, #128, #179, #182&187, #183,
#174&181, #177, #180&193, #170&190, #199, 203&196,
and #194) and indicated a mixed profile for aroclors 1254
and 1260. Factor 2 (15.01% of the total variance) was
highly loaded in PCBs #11, #12&13, #15, and #17 and also
showed a favorable correlation with PCB #14. Therefore,
this factor was identified as incineration material. Factor 3
(7.32% of the total variance) showed good loadings for
PCBs #10&4, #9&7, and #11, indicative of aroclor 1242.
Factor 4 showed good correlation with PCBs #10&4,
#72&71, and #97&86; in particular, the loading value of
PCB #72&71 was highest among the four factors. Thus,
factor 4 was matched to aroclor 1248.

Group 2

When conducting PCA with group 2 sample data, a rela-
tively unfavorable result was obtained, even though group
2 was grouped separately from the raw data set. The pro-
portion of the factor matched to a mixed form of aroclors
1254 and 1260 was negative for most samples in group 2,
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Table 2 Rotated factor loadings for each extracted factor using PCA
Congener group Group 1 Group 2

Factor 1 Factor 2 Factor 3 Factor 4 Factor 1 Factor 2 Factor 3 Factor 4
10&4 —0.14 0.26 0.55 0.72 0.32 0.38 0.68
9&7 0.01 0.29 0.78 0.08 0.36 0.06 0.91 —0.02
14 —0.44 0.47 —0.27 0.27 0.23 0.12 0.90 0.30
11 0.23 0.65 0.57 —0.01 —-0.29 0.14 0.92 0.06
12&13 0.18 0.71 0.48 —0.18 0.19 —0.05 0.96 —0.08
15 0.21 0.89 0.14 0.04 0.84 —0.19 0.28 —0.41
17 0.07 0.93 0.13 —0.04 0.25 0.48 0.74 —0.15
72&71 —0.10 0.05 —0.07 0.57 0.36 0.49 —0.20 0.73
84 0.84 0.36 —0.18 —0.01 0.26 0.91 0.11 0.27
97&86 —0.07 —0.18 0.05 0.66 0.19 0.93 0.08 0.30
85&120 0.74 0.63 0.04 —0.01 —0.05 0.79 0.32 —0.34
151 0.96 0.16 —0.07 —0.05 0.76 0.64 0.14 0.05
135&144 0.94 0.21 —0.04 —0.03 0.55 0.81 0.13 0.14
141 0.96 0.17 —0.04 —0.02 0.60 0.77 0.11 0.15
128 0.86 0.34 0.16 —0.02 0.26 0.88 0.01 0.39
179 0.98 —0.03 —0.02 —0.13 0.97 0.16 0.14 0.04
182&187 0.94 —0.01 0.11 —0.17 0.91 0.26 0.13 0.27
183 0.98 0.03 —0.06 —0.02 0.91 0.26 0.02 0.24
174&181 0.99 0.07 0.06 —0.08 0.91 0.28 0.08 0.27
177 0.99 0.06 0.06 —0.08 0.90 0.32 0.01 0.27
180&193 0.99 0.05 0.05 —0.09 0.98 0.15 0.05 0.11
1708190 0.97 0.12 0.09 —0.03 0.92 0.30 0.01 0.18
199 0.83 —0.03 0.23 —-0.27 0.90 0.25 0.30 0.03
203&196 0.90 0.02 0.18 —0.24 0.95 0.17 0.21 —-0.07
194 0.89 0.11 0.24 —-0.23 0.98 0.15 0.09 0.01
Eigenvalue 14.02 3.75 1.83 1.64 11.37 5.95 4.57 2.07
% Variance 56.09 15.01 7.32 6.55 45.46 23.78 18.29 8.29
Cumulative variance 56.09 71.10 78.42 84.97 45.46 69.24 87.53 95.82

Note: VARIMAX rotation method was used. Factor loadings >0.55 are highlighted in bold face. In the case of group 2, factor loadings of PCA

without the outliers (samples S8-1, S8-2 and S8-3) are presented

without the exceptions of samples S8-1, S8-2, and S8-3.
The contribution of incineration was too high compared
with other models’ results (described later in the text),
which may have been due to outliers (samples S8-1, S8-2,
and S8-3), for which the total concentration was much
higher than for the other samples in group 2. In the PCA,
the variables were equally weighted for the extraction of
factors, which resulted in a relatively huge negative con-
tribution when rotated orthogonally because this maxi-
mizes the most correlated factor (Park et al. 2010;
Sofowote et al. 2008). Thus, PCA was performed without
these outliers, and the results are listed in Table 1. Factor 1
was highly loaded in congeners of aroclor 1260, and factor
2 (high correlation in PCBs #84, #97&86, and #85&120)
was matched to aroclor 1254. Factor 3 showed a pattern of
incineration, and factor 4 showed a mixed form of aroclors
1242 and 1248.

To apportion the extracted sources to the total PCB
concentration in each sediment sample, regression analysis
was performed using APCS. The APCS value was calcu-
lated by subtracting the component score of the true zero
value from the component score of each sediment sample
(Guo et al. 2004a). The apportionment result is shown in
Fig. 3.

Generally, the proportion of incineration was higher
than of other sources in group 1. However, in terms of
samples located downstream, the incineration proportion
became less, and those of aroclors 1254 & 1260 became
relatively higher. Some samples (samples S6-3, S10-1, and
S11-1) showed higher contributions of aroclors 1242 and
1248, but their overall proportions were insignificant. Even
though PCA for group 2 was performed without samples
S8-1, S8-2, and S8-3, their apportionment results are also
depicted in Fig. 3 for the sake of comparison with the
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Fig. 3 Source apportionment of (a) EmAL242 mmA1248
PCBs in each sediment sample

from Nakdong River using i ?ys'd’)"

PCA/APCS: a group 1, b group

2 120
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results from the other models. Apportionment results for
samples S8-1, S8-2, and S8-3 were determined from the
result of PCA with group 2, which included samples S8-1,
S8-2, and S8-3.

PMF

One of the many advantages of PMF is that each datum can
be weighted individually by its PMF uncertainty (Sofowote
et al. 2008). Thus, unlike with PCA/APCS or MLR, PMF
needs an uncertainty data set in addition to the concen-
tration data for each sample. There are various methods for
calculating PMF uncertainty (Nicolas et al. 2008; Polissar
et al. 1998; Sofowote et al. 2008; Shelly et al. 2002), but of
the many formulas, the easiest and simplest method is to
use the analytical or method uncertainty. However, due to
the absence of analytical uncertainty data, the method of
Park et al. (2010) was used in this study. Park et al. (2010)
down-weighted some congeners as weak when the scaled
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residuals (automatically obtained parameter when carrying
out PMF) fell outside —2 and +2; therefore, their uncer-
tainties were multiplied by 3 (Norris et al. 2008). The input
data of the PMF uncertainty is shown in Table S3 of the
Supplementary information.

With PMF, the most important step is determining the
number of factors. A trial-and-error approach, using a
different number of factors, is usually used to determine
the most optimal number of factors. The Q-value, or
maxima individual column mean (IM) and standard devi-
ation (IS), can be used (Lee et al. 1999; Paatero 1997,
Paatero and Tapper 1994). As a result of examining the
appropriate number of factors from the Q-value, IM, and
IS, the optimal number was 4 to 5 for both groups 1 and 2.
After setting up the number of factors to either 4 or 5, the
PMF was rerun with a different multistage (seed number 1
to 15). The standard deviation of each factor’s proportion
from the 15 multistages was negligible compared with the
average value. Thus, only the results of the apportionment
with a random seed are presented herein.
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Before apportioning each factor, Fpe. rotation was
performed by exploring Fpeq values of —1.0 to +1.0 (by
0.1). A positive Fpeai value sharpens the factor profile and
smears the factor contribution; a negative value sharpens
the factor contribution and smears the factor profile (Norris
et al. 2008). In this study, the most appropriate result was
obtained for an Fpe, value of 0.1. Note that Fp,y rotation
is not always needed for PMF because a unique solution
can be obtained, albeit rarely. The factor profiles extracted
using PMF were compared with each source’s fraction
composition shown in Fig. 2. EPA PMF 3.0 (U.S. EPA)
was used in this study, and the source apportionment
results are shown in Fig. 4.

Figure 4 shows the results with only five factors. When
setting the number of factors to four, some aroclors could
not be distinguished, as with PCA/APCS. In group 1,
aroclors 1242 and 1248 were not separated, and a factor
with a mixed pattern of aroclors 1248 and 1254 was
obtained in group 2. However, they were separated favor-
ably by way of PMF with five factors. The proportion of
each source was almost the same as that with the PMF with
four factors. Samples S6-3 and S10-1 had relatively larger

A1242
pg/g-dry

Fig. 4 Source apportionment of
PCB in each sediment sample
from Nakdong River using
PMF: a group 1, b group 2

(a)
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residuals between the estimated and measured values,
which showed a much higher proportion of aroclor 1248
than the other samples in PCA/APCS. In the case of group
2, PMF showed relatively more stable results than PCA/
APCS. It appears that PMF tends to be less affected by
outliers (samples S8-1, S8-2, and S8-3) and thus gave
favorable apportionment results without excluding the
outliers from group 2. Overall, the apportionment results
using PMF showed no large differences from those using
PCA/APCS. Incineration was predominant in group 1, and
its proportion became less in the downstream samples.

MLR

The similarities in the isomer composition in each homo-
logue, regardless of the concentration, should be acutely
considered because this may mean that the behavior of
PCBs in an environmental matrix depends on to which
homologue the congener belongs. Initially, MLR was
performed separately for each homologue. Mono- and di-
CBs were excluded due to analytical uncertainty from the
relatively low recovery rates. In the case of tri-CBs, the

N AI254  mwAl1260 W incineration =4= measured
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isomer composition of each source was too well correlated
with one another; therefore, the MLR results (regression
coefficient value of each source) had no statistical signifi-
cance due to multicollinearity. Therefore, MLR was per-
formed with the data for tetra- to deca-CBs. The isomer
compositions from the USEPA and from Shin et al. (2006)
were employed in this study. In MLR, the input of all
independent variables can cause a negative regression
coefficient for some sources (Park et al. 2009). Thus, the
stepwise method was also used to input independent vari-
ables, with the most appropriate regression coefficient
selected by comparison with the results of the other
methods. In addition, MLR was also conducted by select-
ing 25 congener groups. As a result, these two kinds of
MLR showed similar features; therefore, only the MLR
results with the 25 congener groups is presented in Fig. 5.
Aroclor 1260 predominated in the samples from group 2,
but the proportion of incineration was relatively higher
than other sources in group 1. The proportion of aroclor
1254 was much higher in sample S6-3 as was aroclor 1242
in sample S10-1. Generally, source apportionment by way
of MLR was similar to that of PCA/APCS and PMF.

Comparison of Receptor Models’ Results

Some samples had negative contributions in PCA/APCS,
but their magnitude was negligible. Overall, the source
contribution estimates of the three receptor models were
similar. Incineration predominated in group 1; the mean
contribution was 42.1% (38.6% by PCA/APCS, 42.2% by
PMF, and 45.5% by MLR). In contrast, aroclor 1260 was
shown to be the main source in group 2; the mean contri-
bution was 66.3% (61.3% by PCA/APCS, 62.8% by PMF,
and 74.8% by MLR). The mean contribution of incinera-
tion in group 2 was 16.9% (29.7% by PCA/APCS, 10.9%
by PMF, and 10.2% by MLR). There was no evidence that
a specific aroclor was used in any specific industry in
Korea. PCBs have been detected as both singular and
mixed forms in transformer oil, which is regarded as the
main use of PCB products. Thus, it would not be appro-
priate to discuss the proportion of each aroclor separately.
The source contribution to total PCB concentration in
sediment samples is shown in Fig. 6. The results of the two
groups are depicted separately. The source contribution of
all 47 sediment samples was almost the same as that of

Fig. 5 Source apportionment of (a) EHA1242 ®EWAI248 EEAI254 ©EWA1260 BEincineration =¢#=measured
PCBs in each sediment sample pg/g-dry
from Nakdong River using 140 7
MLR: a group 1, b group 2. 120
Samples S8-1, S8-2, and S8-3
are depicted separately for 100
comparison with the results of
PCA/APCS and PMF
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group 2. Note that the proportion of each source in group 2
was calculated by including samples S8-1, S8-2, and S8-3.

Correlation between the measured PCB concentrations
and the estimated values by each receptor model was high
(values of 0.77 to 0.99; see Fig. S1 in the Supplementary
information). In PMF for group 1, the coefficient of
determination (0.77) was lower than that for PCA/APCS
and MLR due to the inclusion of samples S6-3 and S10-1.
These samples exhibited large differences between their
measured and estimated values in PMF. When these sam-
ples were excluded from group 1, the coefficient of
determination was 0.99. In the case of group 2, the coef-
ficients of determination ranged between 0.99 and 1.00,
which appeared to happen because the concentration of
outliers (samples S8-1, S8-2, and S8-3) was so much higher
than for the other samples; the results, with the exclusion of
the outliers, are shown in Fig. S1 in the Supplementary
information.

It appeared that there was not a large variation in total
PCB concentration in sediments in the entire Nakdong
River region, with the exceptions of some samples (sam-
ples S4, S8, S9, S17, and S18). The samples in group 2
were collected in a region having greater numbers of
industrial facilities than that comprising group 1 samples.
In particular, approximately 20% of the total landfill

Fig. 6 Source contributions to
total PCB concentrations in the
sediment samples as estimated
by way of PCA/APCS, PMF,
and MLR

Group-1

PCA/APCS

PMF

MLR

19.5%

leachate-treatment facilities were located around the area
from which sample S8 was taken. Overall, PMF gave a
more stable result in the source apportionment. Only a few
negative regression coefficients and extracted factor pro-
files were similar to the references compared with PCA/
APCS, which can be attributed to the characteristics of
PCA, in which variables were equally weighted for
extracting factors. However, in this study, no such large
difference in source contributions was observed with PCA/
APCS, PMF, and MLR.

Conclusion

Many studies and social efforts on POPs have been made in
Korea. Of these, PCBs have been of great concern due to
their widespread use in numerous industries, and PCB
wastes have been managed at lower regulatory levels than
in other countries. In particular, NIER of Korea has con-
ducted an annual survey on EDCs in environmental media,
but this was performed less intensively on river sediments.
Therefore, surficial sediments of the Nakdong River were
collected, concentration distributions and source identifi-
cations determined, and the results examined using multi-
variate factor analysis.
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The level of total PCBs (209 congeners) ranged from
0.124 to 79.2 ng/g dry weight, which was regarded to be
similar or slightly lower than that in other neighboring
countries. In terms of coplanar PCBs, their levels were
similar to those of four other major rivers in Korea. Most
samples had a high proportion of tetra-CBs, but some had
relatively much higher PCB concentrations for different
homologue compositions, in which the proportion of tetra-
CBs was less but those of hexa- and hepta-CBs higher.
However, the isomer compositions in each homologue
were similar.

To identify the sources of PCBs in the sediments of the
Nakdong River, three receptor models (PCA/APCS, PMF,
and MLR) were used, and the results of the three models
were similar. In the case of samples with lower PCB
concentrations, incineration sources predominated in most,
with lower proportions found in downstream samples.
However, it was shown that some samples with much
higher PCB concentrations had the highest proportion of
aroclor 1260. Around the sampling points having high PCB
concentrations, many industrial facilities, e.g., landfill
leachate-treatment facilities, existed. Therefore, the sam-
ples are more likely than others to contain high-chlorinated
PCBs because various kinds of wastes could be buried and
because high-chlorinated PCB products, such as aroclor
1260, are more stable in the elution process of landfill
leachate than in the incineration process.

The correlation between estimated and measured PCBs
concentrations in sediments was high, with coefficients of
determination ranging from 0.77 to 0.99. As in other pre-
vious research, PMF showed relatively more stable results
than PCA/APCS. Tools for multivariate factor analysis are
complementary to each other, and it is important to apply
several receptor models and compare their results for
robust source identification.
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