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Abstract

This is the first to elucidate the distribution and sources of polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/PCDFs),
and dioxin-like polychlorinated biphenyls in the waters from Kanzaki River, which is one of the most heavily polluted rivers in
Japan. The World Health Organization (WHO)-toxic equivalent quantities (TEQs) in waters from the mainstream exceeded the
Japanese environmental standard (1.0 pg-TEQ/L). The PCDD/PCDFs were dominated by highly chlorinated DFs, which predominantly
contributed to the WHO-TEQs, suggesting that the main causes would be the incineration-related wastes. To find the sources, the
dioxin congener concentrations in water and sediment samples from its tributary small waterways were determined. Abnormally high
WHO-TEQs were detected in a water (50 pg-TEQ/L) and a sediment sample (41,000 ng-TEQ/kg dry weight) near the industrial solid
waste incinerators (ISWIs). The PCDD/PCDF characteristics agreed well with those of the incinerator-related wastes as seen in the
mainstream. These facts indicate that the dioxin pollution in the mainstream could be largely related to the industrial wastes from
the ISWIs. Here, a TEQ apportionment method was used to understand the contribution of the pyrogenic sources to the WHO-TEQs.
The average contribution ratios of the pyrogenic sources to WHO-TEQs were more than 80% for river waters from the mainstream,

indicating that the elevated WHO-TEQs in the mainstream had been largely caused by the ISWIs.

Key words: incinerator-related wastes; Kanzaki River Basin; river water; sediment; source identification
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Introduction

The United Nations Environment Programme (UNEP,
1999) reported that large amounts of polychlorinated
dibenzo-p-dioxins and dibenzofurans (PCDD/PCDFs) had
been emitted into the environment in Japan until the early
2000s. The main sources have been identified as herbicides
(e.g., pentachlorophenol (PCP) and chloronitrofen (CNP))
(Masunaga et al., 2001a) and the incineration of solid
wastes (Yasuhara et al., 1987). In the latter case, most
solid wastes are mainly disposed of at the municipal solid
waste incinerators (MSWIs). In the 1990s, an abnormally
high World Health Organization (WHO)-toxic equivalent
quantity (TEQ) value was detected in the soil around an
MSWI in Nose, north of Osaka (8500 ng-TEQ/kg dry
weight (dw)) (Ministry of the Environment (MOE), 2012).
This accident triggered the enactment of ‘Law Concern-
ing Special Measures against Dioxins’ by Government

of Japan in 1999. Since then, local governments have
started monitoring the levels of the PCDD/PCDFs and
dioxin-like polychlorinated biphenyls (DL-PCBs), which
are the so-called ‘dioxins’ in waters, sediments, soils,
and atmosphere. This monitoring showed that the WHO-
TEQ values often exceeded the Japanese environmental
standards for dioxins in sediments and waters (150 ng-
TEQ/kg dw and 1.0 pg-TEQ/L, respectively), especially in
urban and industrial areas such as Tokyo and Osaka (MOE,
2012).

Advanced studies aimed at understanding the character-
istics of PCDD/PCDF and DL-PCB pollution in sediments
were undertaken in many areas in Japan (Kiguchi et al.,
2007; Kim et al., 2008; Masunaga et al., 2001b; Sakai et
al., 2008). In contrast, there were limited studies focusing

on the dioxin pollution in waters in Japan (Minomo et al.,
2011) as well as in the other countries, quch as Sweden
(Broman et al., 1991), Germany (Gotz et 4., 1994), China
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(Liu et al., 2008) and the USA (Lohmann et al., 2000;
Suarez et al., 2006). Moreover, Minomo et al. (2011)
targeted the rivers flowed from agricultural areas, and
showed that the herbicides would be one of the main
contributors to the elevated WHO-TEQs. In brief, few
studies have focused on the dioxin pollution in waters at
Japanese urban areas such as Tokyo and Osaka.

Osaka is the largest city in West Japan with a population
of 8,860,000 in approximately 1800 km?. Until now, this
urban area has been seriously polluted by hazardous chem-
icals such as polycyclic aromatic hydrocarbons (Kishida et
al., 2011), perfluorinated compounds (Saito et al., 2004),
decabromobiphenyl ether (Watanabe et al., 1986), heavy
metals (Sugimae, 1980) and nitrogen oxides (Osaka Pre-
fectural Government, 2012a) for the last several decades.
Regarding dioxin pollution, MOE (2012) reported that
the Kanzaki River, running ca. 21 km through the north-
ern part of Osaka urban area with its basin extending
over an area of 627 km?2, is one of the most heavily
polluted Japanese rivers like the Ayase River (Minomo
et al., 2011). Since there are many incineration facilities
in close proximity to this basin, the dioxin pollution is
likely to be related to pyrogenic sources, as in Nose.
Until now, Osaka Prefectural Government (2012a) has
collected many sediment and water samples since 2001,
apart from continuing with regular monitoring, in order
to find the emission sources. However, only Kishida et al.
(2010a) have effectively utilized part of the sedimentary
data to advance the understanding of the dioxin pollution.
Hazardous materials, such as dioxin congeners in water
samples could significantly affect aquatic organisms (Kaki-
moto et al., 2006). Therefore, it has become critical to
study the characteristics of the abundance and behavior of
dioxin congeners in river waters as well as in sediments.

In the present study, the PCDD/PCDFs and DL-PCBs
in river waters and sediments from the Kanzaki River
Basin have been analyzed with the aim of elucidating their
distribution and sources in greater detail. This study is
aimed at understanding: (1) the dissolved and suspended
concentrations of the dioxin congeners in river waters from
the mainstream, (2) their distribution in river waters and
sediments from its tributary small waterways to find the
possible sources, and (3) the impact of incinerator-related
wastes from industrial solid waste incinerators (ISWIs),
which are located along one of the tributaries by using a
TEQ apportionment method newly established by Minomo
et al. (2010).

1 Materials and methods

1.1 Sampling

The sampling locations are shown in Fig. 1. Approxi-
mately 25 L of each water sample was collected using a
stainless steel bucket, and then, it was replaced in brown

glass bottles, and transferred to a laboratory in Osaka. The
water samples were stored at 4°C until their analyses. Two
sediment samples from mainstream Kanzaki River were
collected at more than three points near each sampling site
using an Eckmann Dredge Sampling Apparatus, whereas
16 sediment samples from a tributary small waterway
(Sangamaki Waterway) were collected at more than ten
points near each sampling site using a steam shovel. The
sediment samples were placed in glass vessels, transported
to the laboratory, and then, dried under room temperature
in the laboratory. The dried sediments were passed through
a2 x 2 mm stainless steel sieve and fully homogenized.

1.2 Analysis of water samples

The levels of PCDD/PCDFs and DL-PCBs in the river
waters were determined using the method provided by
the MOE (1998). Approximately 25 L of each sample
from mainstream Kanzaki River was first filtrated with
two glass-fiber filters (GFFs: Advantec Toyo Ltd., Japan)
to collect the dioxin congeners in the suspended phase
(SP): former filter: GA-100 (diameter 150 mm, pore size
1.0 wm) and latter filter: GC-50 (diameter 150 mm, pore
size 0.45 wm). Each water sample from its tributary
small waterways was filtrated with only the GA-100.
Subsequently, the filtrate was passed through an Empore
Extraction Disk (EED: diameter 90 mm, C18-FF, 3M,
USA) to collect the dioxin congeners in the dissolved
phase (DP). The GFFs and EEDs were dried under room
temperature, and stored at 4°C until extraction. The GFFs
and EEDs of the mainstream were separately extracted
with toluene for 16 hr using a Soxhlet extraction, while
those of its tributaries were simultaneously extracted as
in the case of the mainstream. After extraction, 18 3Cy,-
labeled PCDD/PCDFs and 12 !'3Cy,-labeled DL-PCBs
used as internal standards were added to the extract to
check the recovery of the dioxin congeners throughout
the clean-up procedure. The extract was concentrated to
ca. 1 mL with solvent change to hexane, and shocked
with concentrated sulfuric acid. Subsequently, it was pu-
rified with silica by gel column chromatography, shacked
with reduced copper to remove sulfur, and then, frac-
tionated using activated charcoal/silica by gel column
chromatography. After the addition of three injection inter-
nal standards (!3C;,-1,3,6,8-tetraCDF, 3C,-1,2,3.4,6,8,9-
heptaCDF, and '*C/,-2,3",4",5-tetraCB), each fraction was
concentrated to 20 uL under a gentle stream of pure ni-
trogen gas. All native and 13C,,-substituted PCDD/PCDFs
and DL-PCBs were purchased from Wellington Labora-
tories Inc. (Canada). The solvents and reagents were of
the dioxin-free analytical grade except for sulfuric acid
(heavy metal analytical grade), as obtained from Wako
Pure Chemical Industries Ltd. (Japan) and Kanto Chemical

Co., Inc. (Japan).
All samples were analyzed using higll-resolution gas
chromatography (GC)/high-resolution maps spectrometry
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Fig. 1 A map of Kanzaki River Basin showing the sites monitored by Osaka Prefectural Government (closed diamonds) and the sampling sites for river
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(MS) (HP5890, Agilent, USA; JMS-700D, JEOL, Japan)
(Kishida et al., 2010a, 2010b). Chromatographic sep-
arations were carried out using an SP2331 (Supelco,
USA) for tetra-hexaCDD/CDFs except for 1,2,3,7,8,9-
hexaCDF, a DB-17MS (Agilent Technology, USA) for
hepta—octaCDD/CDFs and 1,2,3,7,8,9-hexaCDF, and an
HT-8PCB (Kanto Chem. Co., Inc.) for DL-PCBs. The

recovery of each '3Cj,-labeled internal standard was
consistent with the guideline (50%-120%) provided by
the MOE (1998). The laboratory blanks were analyzed
for every batch. Blank values were subtracted from the

measured levels for each batch. Method petectromtmmits
(MDLs) of the dioxin congeners in watey samples were
0.02-0.07 pg/L for tetra—heptaCDD/CDF{, 0.08-0.1 pg/L
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Table 1 Concentrations of PCDD/PCDF and DL-PCB congeners and WHO-TEQ values associated with dissolved and suspended phases in river
waters and sediments from mainstream Kanzaki River

Congeners Conc. in river waters® (pg/L) Conc. in sediments® (ng/kg)
No.5DP No5-SP No6-DP  No.6-SP No7-DP  No7-SP  No8DP  No8SP  No9-DP  No9-SP  No.l0-DP  No.l0-SP  No6 No.10
PCDD congeners
1,3,6,8-TeCDD 19 9.4 1.8 9.1 12 8.1 13 8.7 1.5 75 072 4.8 590 75
1,3,7.9-TeCDD 052 35 052 38 037 32 037 35 045 29 0.19 19 240 29
2,3,7,8-TeCDD 003 023 0.03 0.18 N.D. 0.14 N.D. 017 N.D. 0.06 N.D. 0.04 12 0.84
TeCDDs 38 19 36 18 29 18 3.1 19 43 17 33 16 1000 140
1,2,3,7,8-PeCDD 0.04 0.19 N.D. 023 N.D. 0.18 N.D. 0.15 0.04 021 N.D. 011 18 63
PeCDDs 053 56 0.60 6.7 042 53 033 5.1 0.56 52 031 28 480 85
1,23.4,7,8-HxCDD N.D.! 052 0.08 055 N.D. 038 N.D. 042 N.D. 048 N.D. 0.19 36 6.4
1,23,6,7,8-HxCDD 0.09 0.86 0.09 12 N.D. 057 N.D. 0.73 N.D. 087 N.D. 035 46 9.4
1,2,3,7,8,9-HxCDD 0.07 0.68 0.07 082 N.D. 053 0.08 0.52 0.05 062 N.D. 036 66 8.1
HXCDDs 0.54 13 1.0 15 043 10 0.59 11 055 13 N.D. 5.6 960 120
1,23.46,7.8-HpCDD 031 72 0.67 8.7 041 63 043 63 039 82 0.15 4.1 650 58
HpCDDs 071 15 12 17 082 12 0.80 12 0.83 16 029 8.2 1300 110
0CDD 25 64 45 76 3.0 62 27 61 30 61 15 49 4400 470
Total PCDDs 8.0 120 1 130 7.6 110 75 110 92 110 54 82 8200 930
PCDF congeners
2,3,7.8-TeCDF 0.06 029 0.04 025 003 022 0.02 0.23 0.05 017 N.D. 0.11 2.0 25
TeCDFs 16 7.6 17 8.2 10 6.4 L1 59 13 53 0.68 30 540 76
1,2,3,7,8-PeCDF 0.04 047 0.06 064 N.D. 043 0.04 0.08 0.05 047 N.D. 0.19 26 8.4
2,3,4,7,8-PeCDF 0.07 0.73 0.09 091 0.06 0.66 005 0.65 0.06 069 0.06 0.40 34 1
PeCDFs 0.88 10 11 12 067 8.2 057 7.8 0.84 9.0 038 36 840 130
1,2,3,4,7,8-HxCDF 0.09 17 0.19 22 0.1 15 0.08 13 0.11 17 N.D. 047 170 18
1,23,6,7,8-HxCDF 0.1 1.8 0.19 2.1 008 15 0.10 15 0.12 18 N.D. 048 160 18
1,2,3,7,8,9-HxCDE N.D. 030 N.D. 057 N.D. 027 N.D. 022 N.D. 036 N.D. 0.14 2 16
2,3,4,6,7,8-HXCDF 025 35 034 438 015 3.0 0.19 30 0.19 33 011 16 350 25
HXCDFs 12 2 22 28 L1 18 1.0 18 12 21 035 69 1900 180
1,23.46,7.8-HpCDF 031 7.9 0.75 26 036 62 0.18 5.7 041 80 007 20 790 46
1,23,4,7,8,9-HpCDF N.D. 13 0.12 17 0.06 12 N.D. 11 0.07 15 N.D. 0.40 150 75
HpCDFs 0.60 14 14 18 062 12 058 11 0.73 15 0.14 40 1600 84
OCDF 0.44 13 1.0 14 0.36 9.7 032 85 045 1 0.15 34 1400 53
Total PCDFs 4.7 66 74 81 37 54 36 51 45 61 17 21 6300 530
DL-PCB congeners*
3,3’ 44 -TeCB (#77) 15 30 99 2 73 23 5.0 15 4.1 10 2.1 56 64 80
34,4 ,5-TeCB (#31) 049 0.86 025 080 022 0.64 022 0.49 0.18 035 0.09 027 10 31
23,3’ 44-PeCB (#105) 17 51 14 60 12 57 7.7 37 72 28 49 19 4600 220
5-PeCB (#114) 098 32 11 45 091 40 050 20 0.54 12 029 14 350 15
2,3 44 5-PeCB (#118) 56 200 46 180 38 200 2 100 17 60 29 37 13000 460
2,3,44,5-PeCB (#123) 068 22 0.79 24 042 3.0 049 15 0.26 10 025 0.58 400 99
3,344 ,5-PeCB (#126) 023 096 0.13 096 011 088 0.06 0.66 0.09 057 N.D. 0.40 60 53
23,3 4,4 ,5-HxCB (#156) 29 23 29 26 31 28 14 13 14 8.8 0.86 5.8 1900 62
23,3’ 44",5-HxCB (#157) 0.69 55 0.68 58 073 62 032 32 031 23 021 1.6 460 16
2,3 44.5,5-HxCB (#167) L1 89 L1 92 L1 10 061 5.1 055 34 031 2.1 750 24
3,3 ,44.5,5'-HxCB (#169) 0.07 0.15 N.D. 022 N.D. 0.18 N.D. 0.16 N.D. 017 N.D. 0.09 17 20
23,3 ,44,5,5-HpCB (#189) 0.14 14 0.14 16 0.12 16 0.1 0.84 N.D. 0.70 N.D. 0.40 140 5.1
WHO-'TEQ;(,"“b 0.20 1.9 0.21 23 0.11 1.6 0.10 1.5 0.15 1.7 0.08 0.77 150 21

(pe-TEQ/L or ng-TEQ/kg dw)

2 The TUPAC No. of each DL-PCB congener is provided in parentheses; ® the values were obtained using TEFs proposed by WHO in 2006; ¢ DP and
SP represent the dioxin cogeners in dissolved and suspended phases, respectively, and sample collected on 7th August, 2002; ¢ not detected.

for octaCDD/CDFs and 0.02-0.1 pg/L for DL-PCBs.

In this study, the WHO-TEQ value for each sample was
obtained from the concentrations of 2,3,7,8-substituted
PCDD/PCDFs and DL-PCBs using their toxic equivalent
factors proposed by WHO in 2006. Concentrations of the
not-detected congeners were assumed to be equal to half
of the MDLs for the calculation of WHO-TEQ values.

1.3 Analysis of sediment samples

Approximately 2-30 g of each sediment sample was sub-
mitted to the analysis. Dioxin congeners in the sediments
were determined according to the literature (Kishida et
al., 2010a, 2010b). The recovery of each 13C,,-labeled
internal standard was also consistent with the guideline
(50%—-120%) provided by the MOE (1998). Accuracy and
precision of the dioxin analysis in sediment samples were
reported previously (Kishida et al., 2010b).

2 Results and discussion

2.1 Aquatic pollution of PCDD/PCDFs and DL-PCBs
in dissolved and suspended phases from main-
stream Kanzaki River

2.1.1 PCDD/PCDF and DL-PCB concentrations and
WHO-TEQ values

Previously, Uebori et al. (2002) reported that WHO-TEQ
value at location 6 (1.7 pg-TEQ/L) exceeded the Japanese
environmental standard of 1.0 pg-TEQ/L, while those at
other locations (site numbers 1-4 and 11-14: 0.11-0.76
pg-TEQ/L) were lower than the standard. This indicates
that the mainstream Kanzaki River could possibly be
facing a critical situation with respect to dioxin pollution,

but this could not be attributable solely to the tributaries.
Here, dioxin congener concentrations in|DP and SP col-
lected from the mainstream were investigdted at locations
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5-10 in order to understand their distribution character-
istics in greater detail (Table 1). Average concentrations
of total PCDD/PCDF congeners (XPCDD/PCDFs) of the
six samples were 12 + 3.7 pg/L in DP and 170 + 36
pg/L in SP, while those of total DL-PCB congeners (XDL-
PCBs) were 54 + 29 pg/L in DP and 220 + 120 pg/L
in SP. The values of XPCDD/PCDFs and XDL-PCBs in
SP were much higher than those in DP. In particular,
approximately 95% of high-chlorinated compounds (e.g.,
hepta—octaCDDs/CDFs and heptaCBs) mainly occurred in
SP due to their higher K, values (Lohmann et al., 2000).
Similarly, an average WHO-TEQ value in SP from the six
sites (1.6 £ 0.51 pg-TEQ/L) was found to be more than ten
times higher than that in DP (0.14 + 0.05 pg-TEQ/L). In
particular, the WHO-TEQ values in SP from locations 5-9
(1.5-2.3 pg-TEQ/L) exceeded the Japanese environmental
standard.

Compared to previous studies, the WHO-TEQ values in
DP plus SP were similar to those in the polluted sites in
Kahokugata Lagoon, Japan (Kakimoto et al., 2006), Ayase
River (Minomo et al., 2011) and Elbe River, Germany
(Gotz et al., 1994), but the levels were much higher than
those in the non-polluted sites in Kahokugata Lagoon
(Kakimoto et al., 2006), Baltic Sea, Sweden (Broman et al.,
1991), Xijiang River, China (Liu et al., 2008), Rartian Bay
and Hudson River (Lohmann et al., 2000), and Houstone
Ship Channel (Suarez et al., 2006), each in the USA.

2.1.2 Profiles of PCDD/PCDF and DL-PCB homo-
logues and an estimation of their sources

The dominant homologues in DP from site numbers 5-9
were tetraCDDs (27%), octaCDD (23%), tetraCDFs (10%)
and hexaCDFs (10%), whereas those in SP were octaCDD
(37%), hexaCDFs (12%), tetraCDDs (10%), heptaCDDs
(8%) and heptaCDFs (8%). The strong predominance of
octaCDD in both phases was considered attributable to the
PCP used to enhance the growth of rice crops or enhance
the density of forests, or natural resources (Kishida et al.,
2010a). Here, the PCDD/PCDF profiles bore no character-
istics of PCP for treating timber and natural origins as seen
in sediments from this basin (Kishida et al., 2010a). Hence,
the octaCDD was attributable to PCP, which had been
used for protecting the rice cops (Japan Plant Protection
Association (JPPA), 2011). In terms of tetraCDDs, their
main congeners in DP and SP were 1,3,6,8- and 1,3,7,9-
tetraCDDs, and the average ratios of sum of the two
congeners to total tetraCDD congeners at the 5-9 were
(56 + 8)% in DP and (66 + 4)% in SP. This shows that
the contribution of products could be considerable (JPPA,
2011; Masunaga et al., 2001a).

Another characteristic of the PCDD/PCDF homologues
from sites 5-9 was significantly higher PCDF concentra-
tions compared to those in the other areas (Broman et al.,
1991; Gotz et al., 1994; Kakimoto et al., 2006; Liu et al.,
2008; Lohmann et al., 2000; Minomo et al., 2011; Suarez
et al., 2006). The PCDFs in SP were characterized by high

levels of highly chlorinated DFs with six to eight chlorine
atoms. This could be clearly attributed to incinerator-
related materials e.g., ash and fly ash (Yasuhara et al.,
1987). In terms of DP, the dominated homologues were
low chlorinated compounds (e.g., tetraCDFs). This could
be attributable to the fact that their K, values were lower
than those of the high chlorinated compounds (Lohmann
et al., 2000).

The dominant congeners of DL-PCBs in DP and SP
from site numbers 5-9 are 3,3’,4,4’-tetraCB (IUPAC No.
77), 2,3,3".4,4 -pentaCB (#105), and 2,3’,4,4’,5-pentaCB
(#118), with the order of #118 (60%) > #105 (20%) >
#77 (10%). The main source of DL-PCBs can be estimated
using the ratio of sum of 3,3’,4,4’,5-pentaCB (#126) and
3,3',4,4,5,5-hexaCB (#169) to sum of #77, #126 and #169
(Kishida et al., 2010a). The proportion of DL-PCBs in
commercial PCBs was approximately 1%, whereas that
from the combustion sources was approximately 50%. The
average values of (#126 + #169)/(#77 + #126 + #169)
were < 1% in both phases, corresponding to those for
commercial PCBs. In Japan, the use and production of
commercial PCBs such as Kanechlor has been prohibited
by law since 1973. Therefore, commercial PCBs in water
samples would be attributable to their past usage until the
1970s (Osaka Prefectural Government, 2004).

2.1.3 Dominant contributors to WHO-TEQs

As shown in Fig. 2, the dominant congeners contributing
to WHO-TEQ values in DP plus SP from sites 5-
9 were 2,3,4,6,7,8-hexaCDF (19%), 2,3,4,7,8-pentaCDF
(12%), 1,2,3,7,8-pentaCDD (11%), 1,2,3,4,7,8-hexaCDF
(9%) and 2,3,7,8-tetraCDD (9%). Notably, the ratios of
total 2,3,7,8-substituted PCDFs in DP and SP were higher
than those of total 2,3,7,8-substituted PCDDs and total
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Fig. 2 Average contribution ratios of 2,3,7,8-substituted PCDD/PCDFs

and total DL-PCBs to the WHO-TEQ values in watef samples (dissolved
plus suspended phases) from site numbers 5-9 in nhainstream Kanzaki
River. D and F in horizontal axis represent PCDDs gnd PCDFs, respec-
tively. Error bars show SDs.
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DL-PCBs. As reported previously, 2.3.4,7,8-pentaCDF
and 2,3,7,8-substituted hexaCDFs could be related to the
incinerator-related materials (Yasuhara et al., 1987). In
contrast, high contribution of 1,2,3,7,8-pentaCDD was
observed in CNP products (Masunaga et al., 2001a). Thus,
the main contributor was likely to be the incineration of
solid wastes, whose effect would largely exceed that of
herbicides such as CNP.

2.1.4 Comparison of sedimentary PCDD/PCDFs and
DL-PCBs with those in river waters

The author also analyzed two sediment samples collected
at locations 6 and 10 (Table 1). The WHO-TEQ value at
site 6 (150 ng-TEQ/kg dw) was as high as the Japanese
environmental standard, and in synchronization with a
previous study (Kishida et al., 2010a). In addition, the
value was similar to that in the SP (190 ng-TEQ/kg dw),
which was calculated using the corresponding suspended
solid (SS) concentration (12 mg/L). Further, at the site, the
PCDD/PCDF profile in the sediment was similar to that
in the SP. These facts indicate that the dioxin pollution
in SP from site 6 could have originated as a result of the
dispersion of sediments. However, there are no significant
sources of dioxin congeners along this mainstream. The
main causes were speculated to be incinerator-related
wastes dumped by MSWIs and/or ISWIs located along the
tributaries of the Kanzaki River (Examination Committee
for Environmental Dioxin Pollution (ECFEDP), 2007,
Kishida et al., 2010a). However, greater detailed studies
have never been performed on this issue until now.

At location No. 10, a WHO-TEQ value in sediment
(21 ng-TEQ/kg dw) was lower than that in the SP (64
ng-TEQ/kg dw), which was also obtained using the cor-
responding SS concentration (12 mg/L). As shown in
Table 1, the PCDD/PCDF homologue pattern in the sed-
iment was not in agreement with that in the SP. However,
the pattern in the sediment was similar to those in SP from
downstream locations 5-9 (Table 1). Osaka Prefectural
Government (2012b) announces on its website that the
tidal area stretches from the estuary of the Kanzaki River
to the area around sites 9-10 (Fig. 1). This shows that the
dioxin congeners in the sediment from site No. 10 were
thought to have been transferred from the downstream
area at the time of high tide. In contrast, the PCDD/PCDF
characteristics in the SP from location 10 were similar to
those in waters collected from sites 11-14 (Uebori et al.,
2002) because of the high content of octaCDD, tetraCDDs,
and heptaCDDs. This was simply due to the fact that the
water sample had been collected at the time of low tide.

2.2 Distribution of PCDD/PCDF and DL-PCB con-
centrations and WHO-TEQs in river waters from
tributary small waterways

For the first time, the author analyzed PCDD/PCDF and
the DL-PCB concentrations in the waters from tributary
small waterways to identify the sources of dioxin con-

geners in the mainstream Kanzaki River (Table 2). The
2PCDD/PCDF concentration at location 27 was 3800
pg/L, more than those in the other sites. The highest ZDL-
PCB concentration was observed at location No.15 (5200
pg/L). WHO-TEQ values at locations 15 (1.9 pg-TEQ/L),
16 (2.8-4.5 pg-TEQ/L), 21 (1.1-8.5 pg-TEQ/L), 27 (50
pg-TEQ/L), and 31 (4.7 pg-TEQ/L) exceeded the Japanese
environmental standard. In particular, the value at location
27 was fifty times higher than the standard. There are two
possible sources: an MSWI of Ibaraki City Office located
along Banda Waterway and some ISWIs located between
Banda Waterway and Sangamaki Waterway (Fig. 1). The
high WHO-TEQ values at the five sites could not be
attributable to the MSWI, because WHO-TEQs at down-
stream sites from the MSWI (e.g., sites 24 and 25) were
lower than the environmental standard. In contrast, the site
numbers 27 and 31 are located beside the ISWIs which
had been dumping the incineration-related wastes of solid
materials mainly into the Sangamaki Waterway (ECFEDP,
2007). In addition, the WHO-TEQ value at site No. 37,
located several hundred meters upstream from the ISWIs,
was much lower than those at the 27 and 31. Therefore, the
ISWIs would be main causes of the elevated WHO-TEQ
values at the tributaries and the mainstream.

The PCDD/PCDF profiles in the tributaries were charac-
terized by the dominance of tetraCDDs, octaCDD, and/or
highly chlorinated DFs (e.g., hexa—octaCDFs). A higher
content of PCDFs was observed mainly at locations 16,
21, 27, and 31 (Table 2) as seen in the mainstream. At
the four sites, dominant contributors to WHO-TEQ values
were estimated as 2,3,4,6,7,8-hexaCDF (19%), 2,3,4,7,8-
pentaCDF (16%), 1,2,3,7,8-pentaCDD (12%), 1,2,3,6,7,8-
hexaCDF (10%), and 1,2,3,4,7,8-hexaCDF (9%) (Fig.
3). Further, sum of the contribution ratios of 2,3,4,7,8-
pentaCDF and 2,3,7,8-substituted hexaCDFs attained 60%
at sites 27 and 31. As mentioned above, these charac-
teristics were strongly related to the incinerator-related
wastes. Hence, the elevated WHO-TEQ values could be at-
tributable to the incinerator-related wastes from the ISWIs.

2.3 Sedimentary pollution of PCDD/PCDFs and DL-
PCBs in a tributary small waterway (Sangamaki
Waterway) near the ISWIs

In order to elucidate the dioxin pollution caused by the
ISWIs in more detail, sixteen sediment samples were
collected from Sangamaki Waterway around the ISWIs
(Table 3). An average XPCDD/PCDF concentration of
the sixteen samples was 700,000 + 13,000 ng/kg dw,
while that of ZDL-PCBs was 12,000 + 5300 ng/kg dw,
corresponding to an average WHO-TEQ value of 10,000
+ 12,000 ng-TEQ/kg dw. In particular, WHO-TEQs near
the ISWIs (locations 27-34) restrictively exceeded the

Japanese environmental standard, and wege—much-hisher
than those at upstream sites from the IBWIs (numbers
35 and 36). Among the eight sites, an |extremely high
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Table 2 Concentrations of PCDD/PCDF and DL-PCB congeners and WHO-TEQ values in water samples from tributary small waterways
Congeners Concentration (pg/L)
No.15¢ No.16* No.16° No.174 No.18¢ No.19¢ No.20* No.21¢ No.21¢ No.22¢ No.23¢ No.24¢ No.25¢ No.26° No.27¢ No.31¢ No.37¢ No.38°
PCDD congeners
1,3,6,8-TeCDD 8.0 21 25 13 34 5.1 10 110 10 35 11 10 93 57 60 13 16 20
1,3,7,9-TeCDD 3.0 83 10 045 1.2 1.9 35 41 38 12 37 37 35 22 29 48 59 7.1
2,3,7.8-TeCDD 0.08 0.06 0.05 ND.! N.D. N.D. N.D. 0.18 N.D. N.D. N.D. 0.06 N.D. N.D. L1 0.13 N.D. N.D.
TeCDDs 15 34 37 22 58 8.7 18 160 18 53 20 20 19 13 130 23 27 31
1,2,3,7.8-PeCDD 0.23 0.50 032 ND. N.D. N.D. N.D. 1.6 0.16 N.D. 0.11 0.12 0.14 N.D. 50 033 0.11 0.11
PeCDDs 37 14 10 0.28 0.67 0.87 1.9 38 44 0.76 39 33 30 19 130 13 4.0 53
1,2,3,4,7,8-HxCDD 0.24 1.0 0.61 N.D. N.D. 0.08 N.D. 2.1 0.26 N.D. 022 0.17 0.27 0.18 13 12 0.22 022
1,2,3,6,7,8-HxCDD 0.39 18 1.0 N.D. 0.09 0.10 0.11 34 0.54 N.D. 045 0.41 0.52 024 21 20 0.39 033
1,2,3,7.8,9-HxCDD 0.28 13 11 N.D. 0.08 0.06 0.07 2.8 0.38 0.07 0.36 0.43 0.30 023 15 14 0.22 0.30
HxCDDs 4.1 27 16 N.D. 13 0.90 15 48 6.2 0.68 50 4.3 4.4 28 330 29 39 4.8
1,2,3,4,6,7,8-HpCDD 28 18 14 0.40 0.94 0.83 1.8 31 10 0.70 70 75 6.6 33 190 20 5.1 7.1
HpCDDs 54 36 28 0.74 1.9 1.7 39 61 19 1.6 14 16 14 6.8 380 40 11 14
0OCDD 21 88 8 2.1 11 77 18 230 94 95 97 110 97 70 400 53 78 120
Total PCDDs 50 200 170 53 20 20 44 540 140 9.5 140 150 140 95 1400 160 120 170
PCDF congeners
2,3,7,8-TeCDF 0.33 0.70 0.72 0.20 0.17 0.07 0.11 1.4 022 0.04 0.18 0.19 0.14 0.15 70 0.84 0.17 0.16
TeCDFs 11 17 11 20 25 25 43 42 44 11 38 36 35 27 200 22 6.3 53
1,2,3,7,8-PeCDF 0.65 18 14 0.15 0.17 0.09 0.13 32 0.35 0.05 0.27 0.26 0.25 0.19 16 1.8 0.24 031
2,3,4.7.8-PeCDF 0.29 27 15 ND. 0.16 0.09 0.11 50 0.45 0.09 0.30 0.24 0.27 0.14 29 24 0.26 027
PeCDFs 6.1 29 17 0.59 2.1 1.6 22 57 6.2 0.70 43 3.6 37 26 320 33 4.8 49
1,2,3,4,7,8-HxCDF 0.55 44 28 0.13 0.22 0.09 0.18 63 092 0.09 053 0.40 0.36 0.28 52 50 0.50 0.53
1,2,3,6,7,8-HXCDF 047 45 25 0.09 0.15 0.08 0.13 6.0 1.3 N.D. 0.46 0.36 0.26 0.20 52 4.8 0.30 0.43
1,2,3,7,8,9-HxCDF N.D. 0.35 0.32 N.D. ND. ND. N.D. 0.67 ND. ND. ND. N.D. N.D. N.D. 4.8 0.41 ND. N.D.
2,3,4.6,7,8-HxCDF 0.52 9.4 50 0.08 0.26 0.12 0.20 13 1.6 0.24 0.58 0.43 0.27 0.06 110 11 0.25 0.4
HxCDFs 55 47 27 0.78 1.9 0.60 14 66 93 0.68 52 37 35 1.7 540 55 4.1 5.1
1,2,3,4,6,7,8-HpCDF 3.0 30 14 0.37 0.87 0.37 0.66 41 5.7 0.34 3.0 22 20 1.3 320 34 1.9 3.0
1,2,3,4,7,8,9-HpCDF 032 53 32 0.09 0.19 N.D. 0.12 6.9 1.0 N.D. 0.34 0.28 033 0.42 74 83 0.21 0.56
HpCDFs 50 60 30 1.1 1.9 0.69 1.4 81 14 075 59 4.7 42 3.1 720 2 4.0 6.7
OCDF 74 39 22 0.57 1.1 0.48 0.97 48 73 0.68 31 31 28 15 550 48 31 4.1
“Total PCDFs. 35 190 110 5.0 10 59 10 290 41 0.68 22 19 18 12 2300 230 22 26
DL-PCB congeners®
3,3"4.4"-TeCB (#77) 770 24 27 4.0 57 52 14 26 25 28 28 28 28 22 20 10 10 10
3,4.4°,5-TeCB (#81) 26 1.0 0.86 0.21 0.32 0.18 0.66 15 12 0.16 12 13 13 11 12 0.55 0.56 0.45
2, -PeCB (#105) 1400 37 59 78 74 13 31 65 49 6.4 62 55 56 42 54 27 30 31
2, PeCB (#114) 72 29 39 0.55 0.76 1.0 22 34 36 0.38 45 33 4.0 29 43 1.8 1.9 23
2,3',4,4°,5-PeCB (#118) 2500 82 110 14 20 30 68 110 100 13 130 110 110 84 120 58 68 70
. -PeCB (#123) 7 24 29 042 0.64 0.63 L5 36 22 031 33 27 32 22 32 14 1.8 18
3, -PeCB (#126) 9.1 13 13 0.12 0.27 0.23 0.54 42 0.89 0.13 1.4 0.86 1.0 0.76 5.0 13 0.77 0.86
233 5-HxCB (#156) 210 11 13 1.0 22 4.1 9.1 26 14 1.9 19 14 15 10 23 79 10 11
23 HXCB (#157) 49 33 35 0.26 0.50 1.1 23 8.7 37 0.59 50 37 35 27 58 1.7 24 27
2,3 HXCB (#167) 73 43 5.1 041 0.87 1.7 36 10 53 0.77 74 56 58 39 8.7 N.D. 45 53
,4°,5,5"-HxXCB (#169) 0.25 0.78 0.41 N.D. ND. ND. 0.09 25 ND. ND. ND. ND. ND. N.D. 6.5 0.82 0.22 0.18
"-HpCB (#189) 83 22 0.90 0.08 0.18 033 0.93 57 0.70 0.09 1.0 0.90 0.70 0.50 14 1.6 14 1.7
WHO-TEQ06" (pg-TEQ/L) 19 45 2.8 0.11 0.23 0.15 0.23 8.3 L1 0.11 0.78 0.73 0.68 0.35 50 47 0.60 0.69

2 The TUPAC No. of each DL-PCB congener is provided in parentheses; P the values were obtained using TEFs proposed by WHO in 2006; ¢ samples
were collected on 9th September, 2003; ¢ samples were collected on 13th January, 2005; ¢ samples were collected on 15th November, 2005; f not

detected.

WHO-TEQ value of 41,000 ng-TEQ/kg dw was detect-
ed at location 32. The value was 270 times as high
as the Japanese environmental standard. Regarding the
PCDD/PCDF profiles, Table 3 shows that the dominant ho-
mologues at locations 27-34 were hexa—octaCDFs (50%)
and octaCDD (12%). Further, as shown in Fig. 4, the
average contribution ratio of sum of 2,3,7,8-substituted
hexaCDFs and 2,3.,4,7,8-pentaCDF to the WHO-TEQ val-
ues was 64% in sediments from these locations. Thus,
significantly high WHO-TEQ values and larger con-
tributions of 2,3,4,7,8-pentaCDF and 2,3,7,8-substituted
hexaCDFs to the WHO-TEQ values were obtained mainly
in the sediment samples collected near the ISWIs. These
facts strongly indicate that the small waterway could have
been seriously polluted by the dumping of incineration-
related wastes from the ISWIs. Considering the facts that
similar characteristics were observed at the downstream

sites in proximity to the ISWIs (Figs. 2 and 3), the wastes
from the ISWIs were considered to have strongly affected
the dioxin pollution possibilities in river waters from those
sites located downstream.

2.4 Contribution of the three typical dioxin sources
in Japan to the WHO-TEQ values using a TEQ
apportionment method

In order to estimate the impact of incinerator-related
wastes on WHO-TEQs, a TEQ apportionment method,
which was newly established by Minomo et al. (2010)
to understand the contribution of Japanese typical sources
(pyrogenic sources, herbicides (CNP and PCP) and com-
mercial PCBs) to WHO-TEQ values, was applied to river

waters and sediments from the Kanzaki Riyer Basin. Aver-
age ratios of estimated WHO-TEQs relative to analyzed
WHO-TEQs were 0.93 for water sampl¢s and 0.76 for
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Table 3 Concentrations of PCDD/PCDF and DL-PCB congeners and WHO-TEQ values in sediment samples from Sangamaki Waterway

Congeners Concentration (ng/kg dw)
No27-M No28-M No.29-M No.30-M No30-L No3l-R No31-M No32-R No32-M No33-R No33-M No34-R No.34-M No.3s-M No.36-M No36-L
PCDD congeners
13,6.8-TeCDD 2100 2100 8700 9000 6500 2400 7600 6100 37000 8000 6200 2500 2700 5700 2100 2700
13,7.9-TeCDD 1000 1300 6100 4500 3600 1400 3600 3900 26000 5400 3900 820 970 2000 770 940
2,3,7.8-TeCDD 23 80 300 210 160 100 180 170 620 270 190 48 89 32 13 52
TeCDDs 3800 4900 23000 17000 14000 5800 15000 14000 76000 21000 15000 3600 3700 8600 3100 4100
12,3.7.8-PeCDD 180 410 1400 1100 980 490 1200 1000 4000 2100 1600 4 53 15 77 12
PeCDDs 4000 9100 42000 24000 22000 11000 27000 30000 140000 45000 34000 1100 1300 990 430 530
12,3,47,8-HxCDD 410 1000 3800 2700 2400 1100 2900 2300 11000 5300 4500 86 99 23 10 1
12,3,67.8-HxCDD 730 1700 7200 4200 3800 1800 5200 4300 17000 9100 7900 140 180 45 2 27
12.3.7.8.9-HxCDD 480 1200 4500 3300 2400 1200 3400 2800 13000 6300 5200 110 140 34 15 19
HxCDDs 10000 26000 110000 67000 54000 26000 77000 92000 380000 140000 110000 2000 2600 590 280 350
12,3,4,6,7.8-HpCDD 5300 16000 67000 37000 29000 14000 47000 35000 170000 78000 66000 1400 1600 560 250 270
HpCDDs 10000 31000 140000 74000 56000 28000 94000 70000 330000 150000 130000 2700 3200 1200 520 560
ocpD 14000 32000 140000 81000 57000 27000 100000 80000 310000 160000 130000 7000 8900 8500 3600 3700
total PCDDs 42000 100000 450000 260000 200000 97000 320000 290000 1200000 520000 420000 16000 20000 20000 7900 9200
PCDF congeners
2,3,7.8-TeCDF 120 340 1400 890 890 530 900 1100 3200 1400 1100 34 35 16 8.5 13
TeCDFs 4100 10000 46000 25000 23000 15000 26000 29000 85000 42000 33000 1100 1100 670 370 460
12,3.7,8-PeCDF 450 1100 4000 2700 2400 1300 3400 3200 10000 5300 4600 130 130 4 24 33
23.4.7.8-PeCDF 750 1900 7400 4500 4100 2100 5900 4700 16000 9000 7900 170 190 43 24 30
PeCDFs 8500 22000 90000 50000 46000 26000 64000 58000 180000 94000 85000 2000 2200 600 350 430
12,3,4,7.8-HXCDF 1600 4700 18000 11000 9400 5200 15000 11000 46000 21000 20000 410 430 77 47 47
12,3,6,7.8-HXCDF 2000 5300 22000 12000 10000 5400 17000 12000 48000 23000 24000 420 460 73 39 46
12,3.7.8.9-HxCDF 150 66 1200 540 460 70 820 480 2800 1400 1000 24 35 50 40 73
2.3.4.6.7.8-HxCDF 4300 12000 52000 29000 23000 12000 42000 31000 110000 53000 55000 760 960 110 57 58
HxCDFs 19000 54000 230000 130000 100000 56000 180000 130000 500000 240000 240000 4300 4900 810 480 480
12,3,4.6,7.8-HpCDF 12000 36000 150000 77000 57000 32000 120000 71000 310000 130000 150000 2300 2800 410 300 240
1600 5300 25000 13000 9600 5100 20000 12000 51000 24000 27000 340 440 38 12 16
19000 63000 270000 140000 100000 57000 220000 130000 550000 260000 280000 4000 5000 700 420 380
18000 58000 270000 120000 88000 50000 210000 120000 470000 240000 280000 3100 4300 540 200 230
Total PCDFs 69000 210000 900000 460000 370000 200000 700000 470000 1800000 880000 920000 15000 17000 3300 1800 2000
DL-PCB congeners”
3344 TeCB (#77) 800 1400 1800 1700 1900 930 1700 1300 3200 1900 1700 970 870 1500 530 520
344 5-TeCB (#81) 37 78 180 150 170 81 200 130 340 290 190 47 42 57 28 38
23,3 4.4-PeCB (#105) 1500 1900 1800 2500 2900 1400 2500 1300 3100 1900 2000 2000 1700 2500 1300 1200
234.4°5-PeCB (#114) 92 130 160 220 230 110 200 110 300 220 180 150 120 170 91 86
2344’ 5-PeCB (#118) 5000 5300 4400 5200 6600 2800 5000 2500 5900 3100 5000 4300 3700 4900 2700 2600
2'344' 5-PeCB (#123) 110 110 150 130 190 67 130 73 210 120 120 98 83 120 64 60
3.3'4.4' 5-PeCB (#126) 190 420 1000 840 860 470 1100 790 2600 1500 1100 190 78 7 40 43
-HXCB (#156) 1400 1500 1300 1300 1600 690 1400 790 2400 1300 1500 790 630 830 450 440
\5"-HXCB (#157) 290 350 520 450 490 260 560 350 1200 620 580 180 150 170 9 96
XCB (#167) 690 650 540 460 570 240 480 280 950 380 600 290 250 320 180 170
XCB (#169) 160 360 1100 820 740 460 1200 950 2900 1500 1300 150 42 21 14 13
23.3'4.4°5.5HpCB (#189) 520 710 1400 1000 980 550 1400 1100 3500 1700 1600 110 120 110 64 61
WHO-TEQz0c" 1600 4400 18000 11000 8900 4600 14000 11000 41000 20000 19000 370 420 92 49 61

(ng-TEQ/kg dw)

2 The IUPAC No. of each DL-PCB congener is provided in parentheses; ? the values were obtained using TEFs proposed by WHO in 2006; ¢ L, M and
R represent left side, middle and right sides respectively, and samples were collected on 29th June, 2007.

sediment samples. These results suggest that the estimated
values were approximately in agreement with the analyzed
values. Continuously, contribution of the three typical
sources in Japan to WHO-TEQs is shown in Fig. 5. In
terms of sediment samples from Sangamaki Waterway, the
pyrogenic sources accounted for ca. 90% of the WHO-
TEQ values at site numbers 27-34. This shows that the
toxicity of the dioxin congeners in the tributary had been
largely the result of the dumping of solid material wastes
by the ISWIs. Higher contributions from combustion
sources were also observed in water samples from sites
located downstream from the ISWIs (locations 5-9, 16, 21,
27 and 31), whereas at the other sites, contributions of her-
bicides and/or PCB products became higher than those of
pyrogenic sources. As discussed above, the PCDD/PCDF
characteristics at the downstream sites were essentially
prominent for locations around the ISWIs. Above all, the

higher WHO-TEQ values in waters from the mainstream
Kanzaki River were significantly attributed to the dumping
of incinerator-related wastes into Sangamaki Waterway by
the ISWIs.

3 Conclusions

For the first time, the author has elucidated the distribution
and causes of PCDD/PCDFs and DL-PCBs in waters from
the Kanzaki River Basin, which is one of the most heavily
polluted rivers in Japan. In the mainstream, the WHO-TEQ
values in SP plus DP were seen to exceed the Japanese
environmental standard. Further, abnormally high WHO-
TEQ values were detected in a water (50 pg-TEQ/L) and a

sediment sample (41,000 ng-TEQ/kg dw) collected from
the vicinity of the ISWIs. These facts ipdicate that the
high values could have been a result of fhe dumping of
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incinerator-related wastes by the ISWIs. Using a TEQ
apportionment method, it was found that the high values
of the WHO-TEQ in the mainstream could be significantly
attributed to dumping of the wastes into its tributary small
waterway by the ISWIs. Thus, It was found that one of the
heaviest pollution of dioxins in river waters from Japan can
be attributed to the runoff of sediments which had already
been affected by the incinerator-related wastes dumped
into the small tributary.
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