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Mass Balance and Bioaccumulation of Major Dioxins in Sendai Bay＊1

Yutaka OKUMURA＊2

Abstract: “Dioxins” is the general term for polychlorinated dibenzo-p-dioxins (PCDDs), poly-
chlorinated dibenzofurans (PCDFs), and coplanar polychlorinated biphenyls (Co-PCBs). Be-
cause dioxins are stable chemical compounds, dioxins released into the environment have 
remained for long periods. The dioxins carried from the terrestrial to the marine environ-
ment may affect marine organisms, and it is possible that fishery resources are diminished 
through the toxicity of dioxins. The aim of this study is to clarify the behavior of dioxins 
that are emitted from Miyagi Prefecture and enter Sendai Bay via rivers. 
　First, Chapter 2 describes the properties of dioxins in Sendai Bay, and discusses the bio-
accumulation of dioxins through the marine food web and the bioaccumulation of dioxins 
with respect to the body length of flatfish. The order of concentration of PCDD/Fs was Pa-
cific oyster > Japanese anchovy ≒ marbled sole > Japanese flounder; the concentration in 
Japanese flounder, which is a higher-trophic-level consumer in the marine food web, was 
lower than that in shellfish (Pacific oyster) and Japanese anchovy, which are lower-trophic-
level consumers. The order of concentration of Co-PCBs was Pacific oyster < Japanese an-
chovy ≒ marbled sole < Japanese flounder; the concentrations in the higher-trophic-level 
consumers were higher than the concentrations in the lower-trophic-level consumers. Differ-
ent PCDD/F congeners tended to bioaccumulate in different organisms. On the other hand, 
all species of Co-PCB congener tended to bioaccumulate in all organisms. 
　The relationship between the concentrations of these dioxins and the body length of Japa-
nese flounder was examined. The total PCDD and total PCDF concentrations did not corre-
late with body length (both r2 < 0.1, both p > 0.05), whereas the total non-ortho PCB and to-
tal mono-ortho PCB (Co-PCBs) concentrations were significantly correlated (r2 = 0.8, p < 0.05 
and r2 = 0.63, p < 0.05, respectively). The bioaccumulation properties of PCDD/Fs in Japa-
nese flounder differed from those of Co-PCBs. Toxicity equivalency quotient (TEQ) values 
derived from the Co-PCBs made up 46.3-63.7% of the total TEQ value for all the dioxins. 
These results show that from the standpoint of risk management, non-ortho Co-PCBs are the 
most important of the dioxins in Japanese flounder.
　In Chapter 3, the vertical distribution of dioxins in a sediment core was investigated to 
elucidate historical trends of dioxins discharged into Sendai Bay. In the off Naruse sample, 
the dioxin concentration was 410 pg/g dw in sediments deposited in the mid-1930s and 3870 
pg/g dw in those deposited in the mid-1980s. Dioxin fluxes increased from the mid-1930s and 
then reached a maximum in the mid-1980s. While sedimentation rates of total dioxins in the 
off Ishinomaki sample were 161.2 pg g-1 year-1 during 1992-2002 and 172.6 pg g-1 year-1 dur-
ing 1981-1992. Thus, the rate during 1992-2002 was slightly lower than that during 1981-
1992, and the dioxin sedimentation rate gradually decreased from the mid-1980s to the early 
2000s.
　Chapter 4 describes the terrestrial sources of dioxins and their concentrations in rivers 
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leading to Sendai Bay. The major dioxin congeners in the river water were 1, 3, 6, 
8-TeCDD, 1, 3, 7, 9-TeCDD, and OCDD. Chemical mass balance model results suggested 
that chloronitrophen (CNP) and pentachlorophenol (PCP), which are impurities in chlorinated 
pesticides used in paddy fields, accounted for >90% of PCDD/F contributions, and exhaust 
gases for <10%. PCA results suggested that PCB products were the major sources of Co-
PCBs, although total Co-PCB concentrations were lower than total PCDD/F concentrations.
　Concentrations of 1, 3, 6, 8- and 1, 3, 7, 9-TeCDD and suspended solids in river water in-
creased with increasing flow rates. During periods of high flow, dioxin concentrations may 
have increased because of resuspension of bottom sediments that had adsorbed dioxins. In 
major rivers, the relative magnitudes of the annual average of daily fluxes of 1, 3, 6, 8- and 
1, 3, 7, 9-TeCDD were: Kyu-Kitakami River > Naruse River > Abukuma River > Natori 
River. The flux from the Kyu-Kitakami River to Sendai Bay accounted for 49% to 84% of the 
total flux from the four rivers. The annual fluxes of major dioxin congeners tended to de-
pend on both the size of the land area covered by paddy fields in the river catchments and 
the discharge rates of the rivers. 
　Finally, Chapter 5 presents estimates of the flux of major dioxin congeners from Miyagi 
Prefecture to Sendai Bay. Large quantities of dioxins from CNP and PCP sources were intro-
duced into the terrestrial environment (30.7 t). As the rivers and drainage ditches acted as 
transport bottlenecks, their inflow from the terrestrial environment to Sendai Bay was limit-
ed (241 kg). The bulk of dioxins from CNP and PCP sources remained in the terrestrial envi-
ronment. Almost all dioxins entering Sendai Bay (7.7 kg/y) either flowed out of the bay  or 
settled to the bay bottom. The amount that bioaccumulated in marine organisms (3.2 g/y) 
was much less than the amount inflowing from the terrestrial environment to the bay (0.04 
%). The major dioxin congeners from impurities in CNP and PCP have much lower toxicities 
and bioaccumulation rates in marine organisms than low-chlorine 2, 3, 7, 8-substituted 
PCDD/Fs such as 2, 3, 7, 8-TeCDD, which has an extremely high TEF. Therefore, although 
the influx of dioxins of CNP and PCP origin to Sendai Bay will continue in the future, their 
bioaccumulation in marine organisms in Sendai Bay will not be a serious problem for fisher-
ies resources.

Keywords: dioxin flux, marine food web, aquatic organisms, chlorinated pesticides, Miyagi 
Prefecture
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Chapter 1. General Introduction

　“Dioxins” is the general term for polychlorinated 
dibenzo-p -dioxins (PCDDs), polychlor inated 
dibenzofurans (PCDFs), and coplanar polychlorinated 
biphenyls (Co-PCBs) (Fig. 1). Dioxins have 75 PCDD 
congeners, 135 PCDF congeners, and 12 Co-PCB 
congeners. Dioxins are highly thermally stable (to 
>700 °C), highly lipophilic (log [Pow] < 6), and water-
insoluble (< 690 ng/L) compounds (Sarna, et al.  
1984, Woodburn et al. 1984, Miller and Waslk 1985, 
Morita 1991, Devillers et al. 1996). Because dioxins 
are stable chemical compounds, dioxins released into 
the environment have remained for long periods 
(Hashimoto et al. 1990).
　Previously, 2, 3, 7, 8-tetra chlorinated dibenzo-p-
dioxin (2, 3, 7, 8-TeCDD), as an impurity in herbicides, 
was emitted into the environment by the spraying of 
the herbicide “Agent Orange” in the Vietnam War 
(Booker 2001), by the spraying of waste oil on roads 
in Times Beach, Missouri, USA, in the early 1970s 
(U.S. Environmental Protection Agency 1983), and 
through a blast incident at a chemical plant in 
Seveso, Italy, in 1976 (Mocarelli et al. 1990). These 
events had worldwide consequences because dioxins 
have severe toxic effects in humans.
　In a laboratory experiment to determine acute 
toxicity, the 50% lethal dose (34d LD50) of 2, 3, 7, 
8-TeCDD for guinea pigs was 0.6 µg/kg (Schwetz et 
al. 1973). Although acute toxicity varies with 
species, the toxicity of 2, 3, 7, 8-TeCDD is higher than 
that of sarin or potassium cyanide, and 2, 3, 7, 
8-TeCDD is thought to be the most toxic poison 
among artificial chemicals (Ministry of Environment, 
Japan 2000a). The toxicity of dioxins is also known to 
vary with the type o f  congener.  Toxic i ty 
equivalency factors (TEFs) for highly toxic dioxin 
congeners have been established by the World 
Health Organization (WHO; Van den Berg et al. 
1998). At present, the TEF of the most toxic 
congener, 2, 3, 7, 8-TeCDD, is set at 1 as a 
standard, that for octachlorodibenzo-p-dioxin (OCDD) 
is set at 0.001, and the TEF for 2, 3′, 4, 4′, 5, 5′
-hexachlorobiphenyl (2, 3′, 4, 4′, 5, 5′-HCB) is set at 
0.00001. The TEFs of 29 dioxin congeners have been 
defined based on the intensity of their toxicities. The 
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Fig. 1. The skeletal formulas and substituent numbering scheme 
for dioxins. In polychlorinated dibenzo-p-dioxins (PCDDs) and 
polychlorinated dibenzofurans (PCDFs), chlorine atoms are 
attached to this structure at any of 8 places on the molecule 
(pos it ions 1-4 and 6-9 ;  Wikipedia 2008) .  In coplanar 
polychlorinated biphenyls (Co-PCBs), chlorine atoms are attached 
to this structure at any of 10 places on the molecule (positions 
2-6 and 2′-6′). PCDDs, PCDFs, and Co-PCBs are released into 
the terrestrial environment as impurities in chlorinated 
pesticides (Masunaga et al. 2001a, Seike et al. 2003), in industrial 
wastewater discharged from pulp mills (Rappe et al. 1989, 
Koistinen et al. 1993) and dye manufacturing plants (Kakimoto et 
al. 2006), in fly ash and exhaust gases from incinerators (Sakai et 
al. 1993), and as residues from the manufacture of electrical 
insulating oil (Kannan et al. 1987).
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reductions in the TDI, it is necessary to decrease the 
emission of dioxins. To make this decrease in 
emission possible, the sources of dioxins have been 
investigated.
　The distributions of the dioxin congeners vary 
with the source. To determine the relative 
importance of these various dioxin sources over 
time, the vertical distribution of concentrations of 
major dioxin congeners in sediment cores has been 
investigated (Czuczwa and Hites 1984, Czuczwa et 
al. 1985, Juttner et al. 1997, Vartiainen et al. 1997, 
Sakai et al. 1999, Masunaga et al. 2001b, Yao et al. 
2002, Kubota et al. 2002). In Japan, the major 
sources of dioxins are thought to be impurities in 
chlorinated pesticides such as pentachlorophenol 
(PCP) and chloronitrophen (CNP), and combustion 
from incinerators (Masunaga et al. 2001b). The 
major sources of dioxins are thought to vary over 
time.
　In 1999, dioxins from incinerator combustion were 
regulated by the law concerning special measures 
against Dioxins (the law number 105; Ministry of 
Internal Affairs and Communications, Japan 1999). 
As a result, the quantity of dioxins emitted from 
industrial activity, such as incineration, was 
gradually reduced from 7680‒8135 g-TEQ/y in 1997 
to 341‒363 g-TEQ/y in 2004, an 8-y decrease of over 

toxic equivalent (TEQ) of a mixture of dioxin 
compounds is calculated by multiplying the actual 
mass of each dioxin compound in grams by its 
corresponding TEF (e.g., 10 g   0.1 TEF＝1 g TEQ) 
and then summing the results (U.S.E.P.A. 2009).
　The chronic toxicity of some dioxin congeners 
results in carcinogenic or endocrine-disrupting 
effects (Mocarelli et al. 1996). These congeners have 
large reproductive and immunological impacts on 
organisms. They also show high bioaccumulation 
rates and resistance to biodegradation in living 
organisms. The half-life of TeCDDs in humans is 8.7 
y (Booker 2001). Therefore, once in the atmospheric 
and terrestrial environments, dioxins are eventually 
transferred to the aquatic environment, where they 
bioaccumulate in all organisms. In humans, the 
dominant uptake route is through food (Birmingham 
et al. 1989). To protect humans from risk from 
dioxins, tolerable daily intake (TDI) values for 
dioxins have been established by the WHO, or by 
individual countries throughout the world. In Japan, 
the TDI was established at 10 pg- TEQ per kg of 
weight per day (TEQ/kg/d) in 1996, 5 pg-TEQ/kg/d 
in 1997, and 4 pg-TEQ/kg/d from 1999 to the 
present (Ministry of Environment, Japan 1999). The 
r e gu l a t i o n s  c o n c e r n i ng  TDI s  h av e  b e en 
strengthened year after year. To comply with these 
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environment are carried to the marine environment 
both by rivers and via the atmosphere (Takada 
1997). Some chemicals, such as dichloro-diphenyl-
trichloroethane (DDT) or triphenyltin compounds 
(TPTs), are known to bioaccumulate in marine 
organisms through the marine food web (Woodwell 
et al. 1967, Ikeda et al. 2002). Dioxins are toxic 
compounds that accumulate in aquatic organisms 
(Satomi 1992). Therefore, dioxins carried from the 
terrestrial to the marine environment may affect 
marine organisms, and it is possible that fishery 
resources are diminished through the toxicity of 
dioxins.
　Sendai Bay, located in the Tohoku region of 
Japan, is an area of fishing and aquaculture. Miyagi 
Prefecture near Sendai Bay is a granary area of 
Japan. The aim of this study is to clarify the 
behavior of dioxins that are emitted from Miyagi 
Prefecture and enter Sendai Bay via rivers. First, 
Chapter 2 describes the properties of dioxins in 
Sendai Bay, and discusses the bioaccumulation of 
dioxins through the marine food web and the 
bioaccumulation of dioxins with respect to the body 
length of flatfish. Chapter 3 describes historical 
trends of dioxins in sediments. Chapter 4 describes 
the terrestrial sources of dioxins and their 
concentrations in rivers leading to Sendai Bay. 
Finally, Chapter 5 presents estimates of the flux of 
major dioxin congeners from Miyagi Prefecture to 
Sendai Bay.

Chapter 2. Properties of dioxins in Sendai Bay

　To decrease the risk of dioxin exposure for the 
Japanese people, the findings from several studies of 
dioxins have been compiled by the government of 
Japan (Prime Minister of Japan and His Cabinet 
2007). The dioxin concentrations in fishes, which are 
main dietary uptake route of dioxins for Japanese 
(Takayama et al. 1991, Toyoda et al. 1999, Tsutsumi 
et al. 2001), were frequently monitored to compare 
the dioxin levels in the several species of fish 
collected from several areas (Fisheries Agency, 
Japan 2003). For example, high TEQ values of 4.5-
16 pg-TEQ/g-wet-weight were detected in samples 
of Japanese conger (Conger myriaster) and sea bass 
(Cynoscion nobilis) collected from Tokyo Bay, which 

95% (Ministry of Environment, Japan 2005). Dioxins 
from electrical insulating oil, particularly Co-PCBs, 
were regulated by the law concerning such things as 
the evaluation of chemical substances and regulation 
of their manufacture (Chemical Substances Control 
Law, the law number 117) in 1973 (Ministry of the 
Environment, Japan 2007, Ministry of Internal 
Affairs and Communications 2010) and a 2001 special 
law concerning adequate disposal of PCBs, the law 
number 65 (Ministry of Internal Affairs and 
Communications, Japan 2005). During the period 
from 2001 to 2016, all waste PCBs in safe storage at 
various sites throughout Japan must broken down 
into harmless products by a thermal treatment plant 
at the Japan Environmental Safety Corporation 
(Japan Environmental Safety Corporation 2004). 
However,  d ioxins from large quant i t ies of 
chlorinated pesticides are thought to remain in rice 
paddies (Kobayashi et al. 2004a), even though 
permission to use these agrochemicals was cancelled 
in 1996 for CNPs and over the period from 1975‒
1989 for PCPs (Agricultural Chemicals Inspection 
Station 2007). For a complete assessment of the 
environmental impacts of residual dioxins from CNP 
and PCP products, it is important to understand 
the i r  behav i o r  i n  t e r res t r i a l  and  aqua t i c 
environments near an area of grain production.
　Dietary intake of dioxins by the Japanese 
population has been investigated by the Ministry of 
Health, Labour and Welfare (2007). Dioxin intake 
decreased from 8.18 pg-TEQ/kg/d in 1977 to 1.04 
pg-TEQ/kg/d in 2006. However, in 1999, when 
countermeasures against dioxins were enacted into 
law, the dioxin intake was 2.72 pg-TEQ/kg/d. 
Despite the 95% decrease in industrial dioxin 
emissions during the 8 years from 1997 to 2004, the 
decrease in dietary dioxin intake during the 8 years 
from 1999 to 2006 was only about 60%; from 2.72 to 
1.04 pg-TEQ/kg/d. The dioxin intake was reduced, 
but not far enough. For the Japanese, fish and 
shellfish are thought to be major components of 
dioxin intake (Takayama et al. 1991, Toyoda et al. 
1999, Tsutsumi et al. 2001). Thus, to further 
decrease dioxin intake, it is necessary to investigate 
the bioaccumulation properties of dioxin congeners 
in marine organisms.
　Chemica l s  emi t t ed  f rom the  te r res t r i a l 
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oyster, a suspension feeder whose main food is 
plankton, is a lower-trophic-level consumer in the 
marine food web (Tamura 1960). The sand lance, 
which feeds mainly on planktonic and epibenthic 
zooplankton, including mysids (Kobayashi et al., 
1995; Yamada, 1997b) and the Japanese anchovy, 
whose main prey organisms are zooplankton (Mitani 
1988), can be classified as secondary consumers. 
Japanese flounder, which feed on small fishes such as 
Japanese anchovy and Japanese sand lance (Yamada 
et al. 1998), and marbled sole, which feed on benthos 
such as polychaetes (Omori 1974), are higher-trophic-
level consumers. Measuring the PCDD, PCDF, and 
Co-PCB concentrat ions in samples of these 
organisms helps to investigate the major sources of 
these chemicals as well as the relationships between 
several trophic levels in the marine food web along 
with the concentrations of these chemicals.

2.1.1. Materials and Methods

2.1.1.1. Sampling
　The following types and numbers of samples were 
collected from November 1999 to August 2001 in 
Sendai Bay (Fig. 2): land soil (n＝1), surface seawater 
(n＝4), sea bottom sediments (n＝3), seaweed (Eisenia 
b i c y c l i s ,  n＝1 ;  Porphyra  y e zo en s i s ,  n＝1 ) , 
phytoplankton (n＝1), Pacific oyster (Crassostrea 
g i g a s ,  n＝3 ) ,  z o op l a nk t on  ( n＝2 ) ,  my s i d s 
(Acanthomysis mitsukurii, n＝1), other shrimp 
(Trachypenaeus sp., n＝1; Crangon sp., n＝2), sand 
lance (Ammodytes personatus, n＝2), Japanese 
anchovy (Engraulis japonica, n＝6), Japanese 
flounder (Paralichthys olivaceus, n＝11), sand worm 
(Cirratulidae, Nereidae, and Eunicidae mixed, n＝2), 
and marbled sole (Pseudopleuronectes yokohamae, n
＝12). The land soil sample was collected from a 
point approximately 50 m from the coast of Sendai 
Bay and approximately 500 m from the nearest 
incinerator. The surface seawater samples, which 
were collected using a water-sampling bucket, were 
transferred to two 10-L glass bottles and stored in a 
refrigerator. Phytoplankton were collected by 
pumping surface seawater and filtering it through a 
plankton net (mesh size, 20 µm) on board of a fishing 
boat. Zooplankton were collected by level tows with 
a ring net (φ＝130 cm; mesh size, 0.33 mm). Mysids 

is adjacent to urban areas. The supply of dioxins to 
Tokyo Bay is through transport by river inflows 
(Iimura et al. 2002). The dioxin concentrations in 
sediments in marine environments were also 
monitored to trace the sources of dioxin emissions 
(Ministry of the Environment, Japan 1996-2005). The 
major dioxin sources in Tokyo Bay are multiple 
incinerators and impurities in chlorinated pesticides 
(Yamashita et al. 2000); in Lake Shinji, in western 
Japan, the major dioxin source is impurities in 
chlorinated pesticides (Masunaga et al. 2001b). The 
dioxin sources are not always the same at different 
locations.
　There is not much data available concerning 
dioxin levels in the Tohoku region of Japan, which 
thrives on agriculture and aquaculture. This study 
was undertaken to determine levels of dioxin 
pollution in the Tohoku region of Japan.

2.1.  Major dioxin sources and bioaccumulation of 
dioxins in aquatic organisms through the food 
web

　Sendai Bay is a fishing ground for marbled sole; 
Pseudopleuronectes yokohamae and Japanese 
flounder; Paralichthys olivaceus and an aquaculture 
ground for the Pacific oyster; Crassostrea gigas. The 
data in this section includes the concentrations of 
dioxin congeners in the phytoplankton, seaweed, 
zooplankton, mysids, shrimp, sand worms, the 
Pacific oyster, sand lance; Ammodytes personatus, 
Japanese anchovy; Engraulis japonica, and the 2 
flatfish species as well as in seawater and sediment 
samples from Sendai Bay as determined by high-
resolution gas chromatography/high-resolution mass 
spectroscopy (HRGC/HRMS).
　Phytoplankton and seaweed are pr imary 
producers and the lowest-trophic-level organisms in 
coastal waters. Small zooplankton, which mostly 
consume phytoplankton, are regarded as primary 
consumers and low-trophic-level invertebrates. 
Mysids consume both phytoplankton and small 
zooplankton (Yamada et al., 1995), and shrimp prey 
mainly on zooplankton (Ikematsu, 1963). Both of 
these crustaceans are considered to be secondary 
consumers and higher-trophic-level invertebrates. 
Sand worms are benthic sediment feeders and 
omnivores (Fauchald and Jumars, 1979). The Pacific 



Fig. 2. Sampling sites in Sendai Bay. ■: Soil; ◎ : sediment and sand worms; ▲: 
seawater and sediment; △: Pacific oyster; ◆: seawater; ◇: Japanese anchovy, 
marbled sole, and Japanese flounder; ▼: phytoplankton, shrimp, and zooplankton; 
▽ : mysids and zooplankton; ○ : sand lance and shrimp; ●: seaweed.

8 Yutaka OKUMURA

approximately 95% of all algal cells. In particular, 
Skeletonema costatum constituted approximately 
68%. In the zooplankton sample, zoea of Brachyura 
accounted for more than 97% of the total number of 
individuals. In the mysid sample, Acanthomysis 
mitsukurii constituted approximately 53% of the total 
number of individuals.
　Seawater samples were filtered through a 
Millipore HA filter (φ: 47 mm; pore size: 0.45 μm), 
dried, and then weighed to determine the dry 
weight (dw) of total suspended matter (mainly 
phytoplankton; Uematsu et al. 1978). The dw of 
suspended matter (mainly phytoplankton) in a 1-L 
seawater sample was estimated to be approximately 
1 g, on the assumption that 1 g dry weight of 
suspended matter (phytoplankton) was equal to 10 g 
wet weight (Motoda 1994, Tanaka 2006).

2.1.1.2.  Analysis of PCDDs, PCDFs, and Co-PCBs 
(dioxins)

　Concentrations of PCDDs and PCDFs with from 4 
to 8 chlorines, and Co-PCBs were determined by the 
methods  repor ted  by the  Min i s t ry  o f  the 
Environment (Ministry of the Environment: 1998a, 
1998b, 2000b). Briefly, the methods are as follows.

were caught from the bay bottom at 10 m depth 
with a beam trawl (mesh size, 3 mm). Shrimp and 
sand lance were collected with a bottom trawl net. 
Sand worms were handpicked from the intertidal 
zone of Matsushima Bay. Pacific oysters were 
obtained from a nearby aquaculture ground. Fish 
samples were collected with a bottom trawl net. The 
body lengths (total length) of the flatfish were 
measured, several small fish were combined 
together as a sample, and their average body length 
was calculated. Sediment samples were collected 
with an Ekman-Berge bottom sampler, or by 
scooping. Sediment, soil, and biological samples of 
approximately 100 g wet-weight were used for 
dioxin analyses. Since the weight of each organism 
was much less than 100 g, samples collected from 
the same station at the same sampling time were 
mixed, and the combined samples were used for the 
analysis. Biological, sediment, and soil samples were 
kept frozen until analysis.
　To ident i fy spec ies,  a g iven quant i ty of 
phytoplankton, zooplankton, mysid, shrimp and sand 
worm samples were fixed in neutral formalin and 
ident i f i ed  under  a  l i gh t  m icroscope .  The 
predominant algal class in the phytoplankton sample 
was Bacillariophyceae. Diatom cells constituted 
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°C, hold for 5 min, 2 °C/min to 250 °C, and then 
hold for 30 min. The temperature program for the 
DB-17 column was: 150 °C for 1 min, 15 °C/min to 
270 °C, and then hold for 20 min. The temperature 
program for the DB-5MS column was: 150°C for 1 
min, 15 °C/min to 200 °C, hold for 5 min, 2 °C/min 
t o  270  °C,  and  then  ho ld  f o r  5  m in .  The 
temperatures of the injector and ion source were 
both 260 °C. Mass spectrometry was performed in 
electron impact (EI) mode. The voltage and current 
of the electron-impact ionization energy were 30 eV 
and 500 μA, respectively. The mass spectrometer 
was operated at a resolution of 10,000. The detection 
limits for the tetra-, penta-, hexa-, hepta-, and 
octachlorinated PCDD/F congeners in the sediment 
and soil samples were 1, 1, 2, 2, and 5 pg/g dry 
weight (dw), respectively. The detection limits in 
seawater were 0.05, 0.05, 0.1, 0.1, and 0.2 pg/L, 
respectively. The detection limits in the biological 
samples were 0.05, 0.05, 0.1, 0.1, and 0.2 pg/g wet 
weight (ww). The detection limits for Co-PCBs in the 
sediment and soil, seawater, and biological samples 
were 1 pg/g dw, 0.1 pg/L, and 0.1 pg/g ww, 
respectively.

2.1.1.3. Calculations of toxic equivalents (TEQ)
　The average TEQ of each biological sample was 
calculated by using toxic equivalency factors (TEFs) 
for humans/mammals provided by the World Health 
Organization (Van den Berg et al. 1998).

2.1.2. Results

2.1.2.1. Dioxin compositions and concentrations
Of the environmental dioxin samples, the relative 
amounts of dioxins in soil increased in the following 
order: Co-PCBs < PCDFs < PCDDs (Fig. 3). The soil 
s amp le  was  the  on ly  one  in  wh ich  PCDF 
concent ra t i ons  were  h igher  than  Co -PCB 
concentrations. Concentrations in sediment and 
seawater samples ,  as  wel l  as  in  seaweed, 
phytoplankton, and Pacific oyster of the biological 
samples, increased in the following order: PCDFs < 
Co-PCBs < PCDDs. The relative proportions of these 
components in seaweed, phytoplankton, and Pacific 
oyster were similar to those in the sediment and 
seawater samples. The concentrations of dioxins in 

Preparation of analytical samples
　The frozen sediment and soil samples were 
thawed and then air-dried overnight. Each air-dried 
sample was weighed, spiked with a 13C-labeled 
internal standard and copper, and then Soxhlet-
extracted for 18 h in toluene. The extract was 
concentrated by rotary evaporation at low pressure, 
redissolved in hexane, concentrated for clean-up, 
and then treated with sulfuric acid and concentrated 
again prior to HRGC/HRMS analysis.
　The frozen, whole-body biological samples were 
homogenized, weighed, spiked with a 13C-labeled 
internal standard, and saponified with potassium 
hydroxide and methanol for 8-12 h, and then 
extracted 3 times with hexane in a separating funnel 
using a shaker for 10 min. The hexane extracts were 
treated with sulfuric acid and concentrated again 
prior to HRGC/HRMS analysis.
　Twenty liters of the refrigerated seawater 
samples were filtered through glass-fiber filters (φ: 
95 mm; pore size: 0.8 μm) (Kiriyama glass Co., 
Tokyo, Japan). The filtrate was extracted into 
dichloromethane, and the residue was Soxhlet-
extracted in toluene for more than 16 h. Each 
extract was spiked with a 13C-labeled internal 
standard and then treated with sulfuric acid and 
concentrated again prior to HRGC/HRMS analysis.
Clean-up column chromatography
　Each sample extract was purified by silica-gel, 
a l um i n a ,  a n d  a c t i v a t e d - c a r b o n  c o l umn 
chromatography. The final eluate from the column 
chromatograph was concentrated and subjected to 
congener-specific analysis by HRGC/HRMS on an 
AutoSpec Ultima spectrometer (Micromass Ltd.).
HRGC/HRMS analysis
　Tetra- to hexachlorodibenzo-p-dioxin and 
-dibenzofuran congeners were analyzed on an SP-
2331 column (φ0.32 mm × 60 m) (Sigma-Aldrich). 
Hepta -  t o  oc tach l o rod ibenzo - p -d i ox in  and 
-dibenzofuran congeners and tetrachlorobiphenyls 
were analyzed on a DB-17 column (φ 0.32 mm × 60 
m) (J&W Scientific). Non-ortho and mono-ortho penta- 
to heptachlorinated biphenyls were analyzed on DB-
17 (J&W Scientific) and DB-5MS (φ 0.25 mm ×60 m) 
(J&W Scientific) columns, respectively. The 
temperature program for the analysis using the SP-
2331 column was: 150 °C for 1 min, 15 °C/min to 200 



Fig. 3. Total PCDD, total PCDF, and total Co-PCB concentrations in soil 
(pg/g dry weight), sediment (pg/g d.w.), seawater (pg/L), and biological 
samples (pg/g wet weight).

10 Yutaka OKUMURA

lower than these ratios in sediment and seawater.
　Co-PCB concentrations in food webs increased in 
the following order: seaweed < phytoplankton < 
Pacific oyster, phytoplankton < zooplankton < 
mysids and other shrimp < sand lance and Japanese 
anchovy < Japanese flounder, sand worm < marbled 
sole (Fig. 3). Co-PCB concentrations in the higher-
trophic-level consumers tended to be higher than 
those in the lower-trophic-level consumers.
　The trends of PCDD/F concentrations in food 
webs were more complex: seaweed < phytoplankton 
< Pacific oyster, zooplankton < mysids and other 
shrimp, mysid and other shrimp > sand lance and 
Japanese anchovy > Japanese flounder, sand worm 
> marbled sole. PCDD/F concentrations in the 
higher-trophic-level invertebrates tended to be 
higher than those in the lower-trophic-level 
invertebrates, whereas PCDD/F concentrations in 
the higher-trophic-level fishes tended to be lower 
than those in the lower-trophic-level fishes.

2.1.2.2. Comparison of TEQ values
　In a comparison of TEQ values among all samples, 
PCDD TEQs were higher than PCDF and Co-PCB 
TEQs in environmental, plant, and invertebrate 

the other biological samples increased in the 
following order: PCDFs < PCDDs < Co-PCBs. Co-
PCB concentrations were higher than PCDD/F 
concentrations.
　The predominant PCDD congeners were OCDD in 
soil, 1, 3, 6, 8- + 1, 3, 7, 9-TeCDD and OCDD in 
sediment, seawater and phytoplankton, and 1, 3, 6, 
8- + 1, 3, 7, 9-TeCDD in invertebrates (Figs. 4 and 
5). In all samples, concentrations of 2, 3, 7, 
8-substituted PCDDs except OCDD, were much 
lower than those of 1, 3, 6, 8- + 1, 3, 7, 9-TeCDD 
and OCDD, and 2, 3, 7, 8-TeCDD, with few chlorine 
substitutions, was frequently below the detection 
limit. Of the Co-PCBs, concentrations of mono-ortho 
PCBs (PCB #104, #114, #118, #123, #156, #157, 
#167, and #189) were higher than those of non-ortho 
PCBs (PCB #77, #81, #126, and #169). Mono-ortho 
PCBs accounted for over 80% of the Co-PCBs. PCB 
#118 was the predominant congener of the mono-
ortho PCBs, and PCB #77 was the predominant 
congener of non-ortho PCBs, whereas PCB #169 was 
lowest in concentration of all Co-PCBs. However, in 
the environmental samples, the ratio of PCB #118 to 
total mono-ortho PCBs and the ratio of PCB #77 to 
total non-ortho PCBs in soil tended to be slightly 



Fig. 4. Relative amounts of PCDDs, PCDFs, and Co-PCBs in soil, sediment, seawater, and biological 
samples. “Other” mono-ortho PCBs are PCB #104, #114, #123, #156, #157, #167, and #189. “Other” non-
ortho PCBs are #81, #126, and #169. 2, 3, 7, 8-substituted PCDDs include 2, 3, 7, 8-TeCDD, 1, 2, 3, 7, 
8-PeCDD, 1, 2, 3, 4, 7, 8-HxCDD, 1, 2, 3, 7, 8, 9-HxCDD, and 1, 2, 3, 4, 6, 7, 8-HpCDD, and exclude OCDD.

Fig. 5. Structures of typical dioxin congeners. 1, 3, 6, 8- and 1, 3, 7, 9-TeCDD ─ which 
are non-2, 3, 7, 8-substituted PCDD/Fs with no chlorine substitution at the 1, 4 and/or 6, 
9 positions─are known to show high bioaccumulation and high elimination in fish. OCDD 
is in the group of 1, 4- or 6, 9-substituted PCDD/F congeners, which are known to show 
low bioaccumulation in fish. 2, 3, 7, 8-TeCDD is one of the PCDD/Fs without chlorine 
substitutions at the 1, 4 and/or 6, 9 positions, known to show high bioaccumulation and 
low elimination in fish (they are easily adsorbed into fatty tissue, thereby delaying their 
elimination; Sijm et al. 1993, Yamada 1997a). Compared to the bioaccumulation properties 
of PCDD/F congeners, bioaccumulations of Co-PCB congeners are all relatively similar, 
with bioaccumulations higher than those of PCDD/Fs (Niimi 1996). 1, 3, 6, 8- and 1, 3, 7, 
9-TeCDD congeners are thought to be impurities of the pesticide 1, 3, 5-trichloro-2-(4-
nitrophenoxy)benzene (CNP), and the OCDD congener is thought to be an impurity of the 
pesticide pentachlorophenol (PCP; Masunaga et al. 2001a, Seike et al. 2003). OCDD has 
also been detected in fly ash and exhaust gases from incinerators (Sakai et al. 1993). PCB 
#118 was the predominant congener of the mono-ortho PCBs in samples. PCB #169 is 
thought to originate from incinerator emissions rather than from the manufacture of such 
items as electrical insulating oil (Masunaga 2000).
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pesticide impurities than by atmospheric deposition.
　The total PCDF concentration in soil, which was 
influenced by atmospheric deposition, was slightly 
higher than the total Co-PCB concentration, and the 
ratio of the PCDF to the Co-PCB concentrations was 
higher than that in seawater and sediment (Fig. 3). 
Thus, it is possible that the major source of PCDFs 
in Miyagi Prefecture is atmospheric deposition. On 
the other hand, total PCDF concentrations in 
sediment and seawater samples were lower than 
total Co-PCB concentrations, and were approximately 
1 order of magnitude lower than total PCDD 
concentrations. Accordingly, PCDFs were not major 
contributors to dioxin concentrations in Sendai Bay.
　The profiles of non-ortho PCBs (PCB #77, #81, 
#126, and #169) in the seawater and sediment 
samples, of which more than 80% was PCB #77 (Fig. 
4), were similar to those of non-ortho PCBs released 
during the manufacture of items such as electrical 
insulating oil (Kannan et al. 1987). In contrast, in the 
soil sample, PCB #77 comprised only approximately 
60% of the total non-ortho PCBs (Fig. 4); the profile of 
non-ortho PCBs was similar to that resulting from fly 
ash and atmospheric deposition rather than that 
from the manufacture of items such as electrical 
insulat ing o i l  (Kurokawa et  a l .  1994 ) .  The 
concentration of PCB #118 accounted for a larger 
proportion of the mono-ortho Co-PCB concentrations 
in sediment and seawater than in soil (Fig. 4). PCB 
#118 is thought to originate from the manufacture of 
items such as electrical insulating oil rather than 
from incinerator emissions (Takasuga et al. 1995, 
Anezaki et al. 2007). The low percentages of PCB 
#77 and high #118 suggest that the dioxin 
concentrations in seawater and sediment in Sendai 
Bay were influenced more by the manufacture of 
items such as electrical insulating oil than by 
atmospheric deposition of incinerator emissions.

2.1.3.2.  Bioaccumulation of dioxins through the food 
web in Sendai Bay

Bioaccumulation of dioxins in phytoplankton and 
seaweed
　The composition of PCDD/F congeners in 
phytoplankton was similar to that in sediment rather 
than to that in the other organisms analyzed in this 
study (Fig. 4). This difference may indicate that 

samples (Table 1). In fish samples, Co-PCB TEQs 
were higher than PCDD and PCDF TEQs. Dioxin 
TEQs in the Pacific oyster, Japanese flounder, and 
marbled sole, which comprise the major fishery in 
Sendai Bay, ranged from 0.87 to 1.6 pg-TEQ/g ww.

2.1.3. Discussion

2.1.3.1. Major sources of dioxins in Sendai Bay
　1, 3, 6, 8- + 1, 3, 7, 9-TeCDD were the predominant 
PCDD congeners in seawater and sediment collected 
from Sendai Bay (Fig. 4). Almost all other studies 
report that the predominant PCDD congener in 
oceanic sediment is OCDD; TeCDDs are not major 
PCDD congeners (Rappe et al. 1987, Evers et al. 
1993, Gotz et al. 1993, Wenning et al. 1993, Brochu et 
al. 1995, Sook-Hyeon et al. 1995, Masunaga et al. 
1997, Sakurai et al. 2000, Wenning et al. 2000, Wu et 
al. 2001). The profiles of PCDD/F congeners in 
Sendai Bay, in which TeCDDs were the major 
PCDD congeners, are more similar to the profile of 
paddy field soil (Masunaga et al. 1997) than to that of 
sediment (Rappe et al. 1987, Evers et al. 1993, Gotz 
et al. 1993, Wenning et al. 1993, Brochu et al. 1995, 
Sook-Hyeon et al. 1995, Masunaga et al. 1997, 
Sakurai et al. 2000, Wenning et al. 2000, Wu et al. 
2001). In many samples from Sendai Bay, the sum of 
the concentrations of the 1,3,6,8- and 1,3,7,9-TeCDD 
congeners, which are thought to be impurities of the 
pesticide CNP (Masunaga et al. 2001a, Seike et al. 
2003), was highest among the PCDD/F congeners 
(Figs. 4 and 5). This reflects the fact that shipments 
of CNP products to Miyagi Prefecture, the so-called 
granary of Japan, were higher than to any other 
prefecture in Japan in 1971, 1975, 1976, 1979, 1981, 
1982, and from 1984 to 1989, and that in 1975 more 
than 4000 t of CNP products were shipped to Miyagi 
Prefecture, the highest shipment between 1965 and 
1995 (Japan Plant Protection Association 1963‒1995).
　The composition of PCDD congeners in soil, which 
was influenced by atmospheric deposition, differed 
from those in seawater and sediment (Fig. 4). 
OCDDs were the major PCDD congeners, whereas 
the ratio of 1, 3, 6, 8- + 1, 3, 7, 9-TeCDD to total 
PCDDs in soil was much lower than those in 
seawater and sediment, suggesting that the PCDD 
concentrations in Sendai Bay are influenced more by 
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Furthermore, the concentrations of PCDD/Fs with 
few chlorines, such as 1, 3, 6, 8-TeCDD, in 
invertebrates tended to be higher than those of 
highly chlorine-substituted PCDD/Fs, such as OCDD 
(Hashimoto et al., 1998, 1999; Sakurai et al., 2000; 
Sasaki, 2000). The bioaccumulation in invertebrates 
may be influenced more by the number of chlorine 
substituents in PCDD/F homologs (that is, 
differences between PCDD/Fs with fewer or more 
chlorine atoms), rather than by difference in 
structure (such as non-2, 3, 7, 8-substituted PCDD/
Fs compared to 2, 3, 7, 8-substituted PCDD/Fs). 
The major PCDD/F congeners in sediment samples 
from Sendai Bay were 1, 3, 6, 8-TeCDD and OCDD 
(Fig. 4). Almost all PCDD/F congeners in Sendai 
Bay were the type showing higher bioaccumulation 
in invertebrates than in fish. Therefore, the PCDD/
F concentrations in the higher-trophic- level 
invertebrates were higher than in the lower-trophic-
level organisms (e.g., phytoplankton < Pacific 
oyster, zooplankton < mysids and shrimp).
Bioaccumulation of Co-PCBs in organisms
　The bioaccumulation patterns of Co-PCBs are 
known to vary from those of PCDD/Fs. Compared 
to PCDD/F congeners, bioaccumulation patterns of 
Co-PCB congeners are all relatively similar (Niimi 
1996). Furthermore, bioaccumulations of Co-PCBs 
are higher than those of PCDD/Fs (Niimi 1996). As 
all Co-PCB congeners are thought to bioaccumulate 
in organisms throughout the food web, it was no 
surprise that Co-PCB concentrations were higher in 
higher-trophic-level organisms than in lower-trophic-
level organisms.

2.1.3.3. Comparison of TEQ values
　The TEQ values of total dioxins in Pacific oyster, 
Japanese flounder, and marbled sole, which are 
major fishery resources in Sendai Bay, ranged from 
0.87 to 1.6 pg-TEQ/g ww (Table 1). These TEQs 
were calculated based on whole-body samples in this 
study. In other studies, the TEQs of fish and 
shellfish averaged 0.932 pg-TEQ/g ww(Fisheries 
Agency, Japan 2000a), 0.816 pg-TEQ/g (Fisheries 
Agency, Japan 2000b), and 1.468 pg-TEQ/g ww 
(Ministry of Health, Labour and Welfare 1999). The 
levels in our study agree with these previously 
published TEQs of fish and shellfish.

adsorption of dioxin particles onto the surface of 
phytoplankton plays an important role in the 
concentration of dioxins in phytoplankton. Even 
though both phytoplankton and seaweeds are 
autotrophic, dioxin concentrations were much higher 
in phytoplankton than in seaweed (Fig. 3). Even 
with the same “efficiency”, there would be more 
adsorption on an equal phytoplankton biomass 
because of the greater surface area.
Bioaccumulation of PCDD/Fs in fish
　The bioaccumulation of PCDD/Fs in fish is known 
to vary by kind of congener. It is possible to classify 
these congeners into three groups based on their 
bioaccumulation properties in fishes (Fig. 5). For 
example, 2, 3, 7, 8-TeCDD is a member of the 2, 3, 
7, 8-substituted PCDD/Fs with no chlorine 
substitution at the 1,4 and/or 6,9 positions, which 
are known to show high bioaccumulation and low 
elimination; they are easily adsorbed into fatty 
tissue, thereby delaying their elimination (Sijm et al. 
1993, Yamada 1997a). 1, 3, 6, 8- and 1, 3, 7, 9-TeCDD, 
which are non-2, 3, 7, 8-substituted PCDD/Fs with 
no chlorine substitution at the 1, 4 and/or 6, 9 
positions, are known to show high bioaccumulation 
and high elimination (Sijm et al. 1993, Yamada 
1997a). OCDD belongs to the group of 1, 4- or 6, 
9-substituted PCDD/F congeners, which are known 
to show low bioaccumulation (Sijm et al. 1993, 
Yamada 1997a). The major PCDD/F congeners in 
seawater and sediment samples from Sendai Bay 
were 1, 3, 6, 8-TeCDD and OCDD (Fig. 4). The 
concentrations of 2, 3, 7,8-substituted PCDD/Fs, 
such as 2, 3, 7, 8-TeCDD, were below the detection 
limit or were much lower than those of 1, 3, 6, 
8-TeCDD and OCDD. PCDD/F congeners in Sendai 
Bay which were the type showing high elimination 
and low bioaccumulation in fishes. Therefore, 
PCDD/F concentrations in the higher-trophic-level 
fishes tended to be lower than those in the lower-
trophic-level fishes.
Bioaccumulation of PCDD/Fs in higher-trophic-level 
invertebrates
　The bioaccumulation patterns of PCDD/Fs in 
invertebrates differ from those in fishes (Sasaki, 
2000). The concentration of 1, 3, 6, 8-TeCDD was 
higher in the snail Indoplanorbis exustus than in the 
f ish Oryzias lat ipes (Al l inson et  al . ,  1994) . 
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2.2.1.2. Multiple range test of dioxin concentrations
　The values for dioxin concentrations below 
detection limits were set to 0 pg/g ww. Multiple 
range tests were conducted to compare the mean 
difference of TEQ values among PCDDs, PCDFs, 
non-ortho PCBs, and mono-ortho PCBs. After a one-
way analysis of variance was conducted to examine 
whether the variances were equal or unequal, 
mult iple range tests for unequal variances 
(Tamhane’s test) were conducted. The data from 
these tests were analyzed with the SPSS 11.0J for a 
Windows base system (SPSS Inc., Chicago, USA).

2.2.1.3.  Linear regression analysis of the relationship 
between dioxin concentration and body 
length

　The coefficients of determination (r2) and the 
probability values (P) for the relationship between 
the dioxin concentrations and flounder body lengths 
were calculated by simple linear regression: 
concentration of dioxin congener (pg/g ww)＝ax + b, 
where x is the body length (cm), a the slope, and b 
the intercept. When the linear relationship was not 
significant (P > 0.05), polynomial regressions were 
conducted using y＝a1x2 + a2x + b, where y is the 
concentration of the dioxin congener (pg/g ww), x 
the body length (cm), a1 and a2 the slope, and b the 
intercept. Polynomial regression provided when the 
relationship between x and y was nonlinear. The 
polynomial regressions were also conducted using 
the SPSS 11.0J system.

2.2.  Bioaccumulation of dioxins with respect to body 
length of flatfish

　The bioaccumulation of chemicals is known to 
vary with the body size of aquatic organisms 
(Schimmel et al. 1977, Yamada et al. 1995), but few 
field studies have examined the relationship between 
the body length of fish and the concentration of 
dioxins. For the purpose of determining the 
bioaccumulation properties of each dioxin congener 
in higher-trophic-level fish with respect to body 
length, I measured the concentrations of dioxin 
congeners in Japanese flounder (Paralichthys 
olivaceus) of various body lengths collected from 
Sendai Bay, Japan, and investigated the relationship 
between body length and dioxin concentration. In 
one study, Japanese flounder ─whose main prey 
organisms are Japanese anchovy and sand lance─ 
was found to be a higher-trophic-level organism 
(Ochiai 1966). Another study reported that the total 
length of Japanese flounder was significantly 
correlated with body weight (Kitagawa et al. 1994). 
The maturation age was estimated from maturation 
size to be three years (Sato 1975).

2.2.1. Materials and Methods

2.2.1.1. Data analysis
　The data analyses presented in the following 
sections were performed on the data already 
presented in Chapter 2.1.
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were positive, ranging from 0.024 to 25.7.

2.2.2.3. TEQ values
　The TEQ values for PCDDs, PCDFs, non-ortho 
PCBs, and mono-ortho PCBs were 0.18‒0.43, 0.084‒
0.29, 0.28‒0.82, and 0.064‒0.24 pg-TEQ/g ww, 
respectively, decreasing in the order non-ortho PCBs 
> PCDDs > PCDFs＝mono-ortho PCBs (Fig. 6). The 
mean differences of TEQ values for non-ortho PCB 
and PCDDs were significant at the 0.05 level. 
Despite the fact that the concentrations of non-ortho 
PCBs were lower than those of mono-ortho PCBs, 
the TEQ values for non-ortho PCBs were higher 
than those of mono-ortho PCBs. TEQ values for the 
Co-PCBs ranged from 0.337 to 1.06 pg TEQ/g ww 
and accounted for 46.3%‒63.7% of the total TEQ 
value for all the dioxins.
　Although the TEQ values for total PCDDs and 
total PCDFs were not significantly correlated with 
body length (r2＝0.34 and 0.35, respectively; P > 0.05 
for both) (Fig. 6), all of the linear regressions had 
positive slopes. The TEQ values for total non-ortho 
PCBs and total mono-ortho PCBs were significantly 
correlated with body length (r2＝0.82 and 0.64, 
respectively; P < 0.01 for both), and the non-ortho 
PCBs had the highest linear regression slope of all 
the dioxins (a＝0.021).

2.2.3. Discussion

2.2.3.1.  Bioaccumulat ion of PCDDs and the 
relationship between concentration and body 
length

　Although the bioaccumulation rate for 1, 3, 6, 
8-TeCDD is high, the elimination rate is also high 
(Sijm et al. 1993, Yamada 1997a). This might explain 
why 1, 3, 6, 8-TeCDD concentrations were not 
significantly correlated with body length (Fig. 7). 
And because 1, 3, 6, 8-TeCDD was the major PCDD 
congener in Miyagi Prefecture, total PCDD 
concentrations also showed no significant correlation 
with body length (Fig. 6).
　The congener 2, 3, 7, 8-TeCDD shows high 
bioaccumulation rates and low elimination rates (Sijm 
et al. 1993, Yamada 1997a). Researchers believe that 
2, 3, 7, 8-TeCDD bioaccumulates in fish more than 
1, 3, 6, 8-TeCDD and OCDD (Allinson et al. 1993, 

2.2.2. Results

2.2.2.1.  Re l a t i onsh i p  be tween  t o t a l  d i o x i n 
concentration and body length

　The total PCDD and total PCDF concentrations 
were not significantly correlated with body length (r2

＝0.03 and 0.007, respectively; P > 0.05 for both) 
(Fig. 6). In contrast, the total non-ortho PCB and 
tota l  mono-ortho PCB concentrat ions were 
significantly correlated with body length (r2＝0.80 
and 0.63, respectively; P < 0.01 for both), and the 
slopes of the linear regressions were positive (0.81 
and 39.2, respectively). The relationships between 
concentration and body length varied with the type 
of dioxin.

2.2.2.2.  Relationship between PCDD/F congener 
concentrations and body length

　Among the PCDD congeners, the concentration of 
1, 3, 6, 8-TeCDD was the highest, and was not 
significantly correlated with body length (r2 < 0.1, P 
> 0.05; Fig. 7). In contrast, 2, 3, 7, 8-TeCDD and 
OCDD concentrations were significantly correlated 
with body length (r2＝0.55 and 0.72, respectively; P 
< 0.01 for both), and the slopes of the linear 
regressions were positive (0.0035) and negative 
(‒0.017), respectively. The concentration of 1, 2, 3, 
6, 7, 8-HxCDD was significantly correlated with 
body length by polynomial regression (r2＝0.53, P < 
0.01).
　Of the PCDF congeners, concentrations of 2, 3, 7, 
8-TeCDF and 2, 3, 4, 7, 8-PeCDF were significantly 
correlated with body length (r2＝0.56 for both, P < 
0.01 for both; Fig. 8), and the slopes of the linear 
regressions were positive (0.011 and 0.0098, 
respectively).
　The concentrations of 2, 3, 4, 6, 7, 8-HxCDF, and 
the concentrations of 1, 2, 3, 4, 7, 8- and 1, 2, 3, 4, 
7, 9-HxCDF combined were significantly correlated 
with body length (r2＝0.41 and 0.40, respectively; P 
< 0.05 for both), and the slopes of the linear 
regressions were negative (‒0.0072 and ‒0.004, 
respectively).
　The concentrations of all Co-PCB congeners were 
significantly correlated with body length (r2 > 0.55, 
P < 0.01 for all; Fig. 9) and increased with increasing 
body length. The slopes of all linear regressions 



Fig. 6. Relationships between body length and concentration, and body length and TEQ value, for total 
PCDDs, total PCDFs, and total Co-PCBs.
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Fig. 7. Relationship between body length and concentration for major PCDD congeners.

Fig. 8. Relationship between body length and concentration for major PCDF congeners.
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Fig. 9. Relationship between body length and concentration for individual Co-PCB.
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killifish (Fundulus heteroclitus) is higher than that in 
adults, and the bioconcentration factor decreases as 
the fish grow (Schimmel et al. 1977). This may be 
related to the fact that growth rates decrease as the 
fish grow; for example, 21% growth per day (based 
on ww) for 30-mm fish compared with 1.5% per day 
for 280-mm fish in Japanese flounder (Yamashita et 
al. 2001).
　The bioaccumulation of 1, 2, 3, 6, 7, 8-HxCDD and 
OCDD may also be higher in larvae and juveniles 
than in adult fish. The bioaccumulation of 1, 2, 3, 6, 
7, 8-HxCDD and OCDD decreases with increasing 
size. As a result, the concentrations of 1, 2, 3, 6, 7, 
8-HxCDD and OCDD were negatively correlated 
with body length.
　The difference in the regression yielding the best 
fit ─polynomial for 1, 2, 3, 6, 7, 8-HxCDD and linear 
for OCDD─ may be related to the concentrations in 

Kim et al. 1996, Niimi 1996, Yamada 1997a). This 
may explain why the concentration of 2, 3, 7, 
8-TeCDD was significantly correlated with body 
length, and why the slope of the linear regression 
was positive (Fig. 7).
　OCDD, which belongs to the group of 1, 4- or 6, 
9-substituted PCDD/F congeners, does not pass 
easily through the cell membrane, and consequently 
does not bioaccumulate in aquatic organisms as do 
the lower chlorinated 2, 3, 7, 8-substituted PCDD/Fs 
(Sijm et al. 1993, Yamada 1997a). 1, 2, 3, 6, 7, 
8-HxCDD is a large and highly chlorinated 2, 3, 7, 
8-substituted PCDD/F. It may be that 1, 2, 3, 6, 7, 
8-HxCDD, like OCDD, also does not pass easily 
through the cell membrane.
　The accumulation of chemicals can vary at each 
growth stage of fish; the bioconcentration of the 
herbicide toxaphene in larvae and juveniles of 
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congeners are known to be similar (Niimi 1996). In 
this study, the slopes of the linear regressions for the 
relationship between Co-PCB concentration and body 
length (that is, the bioaccumulation properties of Co-
PCBs) were also similar (Fig. 9). All of the Co-PCB 
congeners showed high bioaccumulation, so it is 
possible that the Co-PCB congeners in Japanese 
flounder bioaccumulated during a long exposure. 
Th is  l ong exposure  may exp la in  why the 
concentrations were significantly correlated with 
body length, and why the slopes of the linear 
regression were positive (Fig. 9).

2.2.3.4. TEQ values in Japanese flounder
　The TEQ values from Co-PCBs made up 46.3%‒
63.7% of the total TEQ values for all dioxins in 
Japanese flounder (Table 1, Fig. 6). Despite the fact 
that the concentration of non-ortho PCBs in Japanese 
flounder was lower than that of mono-ortho PCBs, 
the TEQ values for non-ortho PCBs were higher 
than those for mono-ortho PCBs (Fig. 6). The TEQ 
values for non-ortho PCBs showed a greater increase 
with increasing body length than did the values for 
PCDDs, PCDFs, and mono-ortho PCBs. For risk 
assessment, these results indicate that non-ortho 
PCBs are the most important dioxins in Japanese 
flounder in Sendai Bay.

Chapter 3.  Historical trend of dioxins in sediment 
cores from Sendai Bay

　Chemica l s  emi t t ed  f rom the  te r res t r i a l 
environment are carried to the marine environment 
both by rivers and via the atmosphere (Takada 
1997). Chemicals reaching the sea are dissolved in 
seawater or adsorbed onto suspended solids. Those 
solids then sink to the sea bottom and accumulate in 
the bottom sediments. Therefore, sediments have 
been monitored to investigate pollution by heavy 
metals (Matsumoto and Yokota 1978), polycyclic 
aromatic hydrocarbons (Handa and Ohta 1983) and 
other chemicals (Yamashita et al. 2000), from the 
perspective of risk assessment. In addition, 
sedimentation rates of suspended solids are 
calculated so that chemical fluxes in the marine 
environment can be estimated (Matsumoto 1983, 
Tanimoto and Hoshika 1994, Kanai et al. 1997).

seawater, or may reflect the difference in congener 
structures. OCDD concentrations were higher than 
1, 2, 3, 6, 7, 8-HxCDD in seawater. OCDD may show 
higher bioaccumulation in larvae and juveniles than 
1, 2, 3, 6, 7,8-HxCDD.

2.2.3.2.  B ioaccumulat ion of  PCDFs and the 
relationship between concentration and body 
length

　There is no consistent pattern to the slopes of the 
linear regressions for the relationships between the 
concentrations of PCDF congeners and flatfish body 
length (Fig. 8). There was no predominant PCDF 
congener. The total PCDF concentration was not 
significantly correlated with body length (Fig. 6).
　The slopes of the linear regressions for 2, 3, 7, 
8-TeCDF and 2, 3, 4, 7, 8-PeCDF concentrations vs. 
body length were positive (Fig. 8), which suggests 
that these congeners bioaccumulate in Japanese 
flounder as fish grow. This result is similar to that 
obtained for 2, 3, 7, 8-TeCDD. In contrast, the 
slopes of the linear regressions for 2, 3, 4, 6, 7, 
8-HxCDF, and for 1, 2, 3, 4, 7, 8- and 1, 2, 3, 4, 7, 
9-HxCDF combined, were negative. It is likely that 
these three congeners did not bioaccumulate as fish 
grew. This result is similar to that obtained for 
OCDD.

2.2.3.3.  Bioaccumulation of Co-PCBs and the 
relationship between concentration and body 
length

　The concentrations of all of the Co-PCB congeners 
were significantly correlated with body length (Fig. 
9) and increased with increasing body length. The 
slopes of all linear regressions were positive. 
Therefore, the total Co-PCB concentration was also 
significantly correlated with body length and 
increased with increasing body length.
　The uptake rate and concentration of PCBs in fish 
are known to be higher than those of PCDD/Fs 
(Opperhuizen and Sijm 1990, Niimi 1996). The 
concentration of total Co-PCBs in Japanese flounder 
was also higher than total PCDD/Fs concentrations 
despite the fact that the total Co-PCB concentrations 
in seawater and sediment were lower than the total 
PCDD/F concentrations (Chapter 2.1). In addition, 
the dietary absorption efficiencies of Co-PCB 



Fig. 10. Location of the sampling sites in Sendai Bay. ● : Sampling site off Naruse; 
□ : sampling site off Ishinomaki.
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segments. Samples were refrigerated or frozen until 
use.

3.1.2.  Analysis of density, ignition loss, and water 
content of sediment core samples

　Density, ignition loss, and water content of the 
sediments were determined according to methods 
described by the Japan Industrial Standard (Japan 
Industrial Standard Committee 1999a, 1999b, 2000). 
Briefly, the methods are as follows.
　To measure density, refrigerated samples were 
air-dried overnight, and then the air-dried samples 
were ground with a mortar and pestle. The 
sediment powder was transferred to a pycnometer. 
Distilled water was added until the pycnometer was 
full and the pycnometer was weighed. The density 
of the sediment was calculated.
　To measure water content, refrigerated samples 
were weighed and then dried overnight in a dryer at 
110 °C. After the dried samples had cooled in a 
desiccator to room temperature, they were weighed 
again, and the original water content of each sample 
was calculated from the weight difference.
　To measure ignition loss, refrigerated samples 
were placed in a crucible and dried overnight in a 
dryer at 110 °C. The dried samples were weighed, 
and then the samples were combusted at 800 °C in 
an electric furnace for 6 h and reweighed. Ignition 

　In this chapter, the density, ignition loss, water 
content, and 210Pb and 137Cs concentrations in a 
sediment core collected in Sendai Bay were 
determined, and the sedimentation rate of the 
suspended solids was calculated. The vertical change 
in concentrations of dioxin congeners in sediment 
core samples also were determined by HRGC/
HRMS. The amounts of dioxin congeners released 
annually from PCP, CNP (Japan Plant Protection 
Associat ion 1963‒1995) ,  and PCB products 
(Tatsukawa 1972) were obtained from published 
data. Comparing these data allowed us to investigate 
changes in dioxin fluxes from the terrestrial areas of 
Miyagi Prefecture to Sendai Bay over time.

3.1. Materials and Methods

3.1.1. Sampling
　Sediment cores approximately 80 cm long were 
collected with sediment core samplers (φ 20 cm ×
100 cm) from two sampling sites in Sendai Bay: off 
Naruse ( lat 38°20′N, long 141°13′E) and off 
Ishinomaki (lat 38°21′N, long 141°23′E) on 19 
September 2002 (Fig. 10). Two sediment cores that 
were less disturbed by organisms and showed 
uniform deposition were selected for the analysis 
from the total of five sediment cores collected. In the 
laboratory, the cores were sliced into 2-cm-long 
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3.1.4. Analysis of dioxins and TEQs
　The procedures for chemical analysis of dioxins 
and calculation of TEQs are described in Chapter 
2.1.

3.2. Results

3.2.1.  Sed imen t  accumu la t i on  h i s to r i es  as 
determined from 210Pb and 137Cs activities

　210Pbex values from 1 and 3 cm depth in the core 
collected off Naruse (hereafter, Naruse sample) were 
lower than those in layers below 5 cm (Fig. 11). This 
surface layer was interpreted as being mixed. 
Except for in the surface layer, 210Pbex values 
decreased with depth and were significantly 
correlated with cumulative weight (r2＝0.90, P < 
0.01). The sedimentation rate was calculated from 
the relationship between cumulative weight and 
210Pbex (Eq. 3.1) as 0.314 g cm‒2 y‒1. In the core 
collected off Ishinomaki (hereafter, Ishinomaki 
sample), 210Pbex values decreased over the depth 
interval from 2 to 16 cm and were significantly 
correlated with cumulative weight (r2＝0.91, P < 
0.01; Fig. 12). Therefore, the layer from 2 to 16 cm 
depth was interpreted as  not  mixed.  The 
sedimentation rate in this layer was calculated from 
the relationship between cumulative weight and 
210Pbex as 0.112 g cm‒2 y‒1.
　137Cs activity was detected above 22‒24 cm depth 
in the Naruse sample (Fig. 13), and above 10‒12 cm 
depth in the Ishinomaki sample (Fig. 14). These 
earliest records of 137Cs activity in these cores are 
attributed to the detonation of atomic bombs 
(Hiroshima and Nagasaki in 1945) and to early 
nuclear testing (e.g., at Bikini atoll in 1954), and so 
the time of deposition for these sediments was 
placed from the mid-1940s to the early 1950s. Two 
peaks in 137Cs activity were observed in the Naruse 
sample at 6‒8 and 14‒16 cm depth, the activity was 
higher than 10 Bq/kg (Fig. 13). Two peaks in 137Cs 
activity were also observed in the Ishinomaki 
sample, at 2‒4 cm depth and at 6‒8 cm depth, with 
activities above 10 Bq/kg from 2 to 8 cm depth (Fig. 
14). The peaks in 137Cs activity at 14‒18 cm depth in 
the Naruse sample and 6‒8 cm depth in the 
Ishinomaki sample were attributed to atmospheric 
nuclear testing carried out during the 1960s and 

loss in the sediment sample was calculated as the 
weight difference.

3.1.3. Analysis of 210Pb and 137Cs concentrations
　210Pb and 137Cs activit ies in samples were 
determined by the methods of Matsumoto (1986). 
Briefly, refrigerated samples were weighed on an 
analytical balance, air-dried overnight, and ground 
with a mortar and pestle. The sediment powder was 
transferred to a crucible and then combusted in an 
electric furnace.
　Lead from the combusted sediment samples was 
dissolved in nitric acid in an Erlenmeyer flask. The 
lead solutions were filtered, and lead sulfate was 
extracted from the fi ltered lead solution by 
electrodeposition. The extracted lead sulfate was 
allowed to stand for 40 d, and then the β-emitter 
(210Bi, 1.1 MeV) in lead sulfate was measured for 24 h 
with a low-background gas-f low counter (β
- spectrometry ;  OXFORD, Lb4100 -W).  210Pb 
concentrations were corrected by using the count of 
the β-emitter standard (712 Bq, Japan Radioisotope 
Association) for 210Pb.
　In addition to 210Pb derived from 222Rn in air, 210Pb 
is also found in sediment (supported 210Pb). 
Supported (background) 210Pb is a decay product of 
the 226Ra found in water and sediment not including 
210Pb in the suspended sediments that settles from 
the sea surface to the sea floor. Accordingly, excess 
210Pb ( 210Pbex)  was calculated as [total 210Pb] 
- [supported 210Pb] .  Here, background 210Pb 
concentrations (supported 210Pb) were calculated by 
averaging the 210Pb concentrations in sediments from 
core depths of 68‒70, 58‒60, and 48‒50 cm.
　The cumulative sedimentation rate by weight was 
calculated as:

Sr＝(0.693/22.2)/|S| (3.1)
　where S is the slope of the line describing the 
relationship between log (210Pbex) and cumulative 
weight (‒0.0993; Fig. 11), 0.693 is the disintegration 
coefficient of 210Pb, and 22.2 y is the half-life of 210Pb.
　137Cs (662 keV) in air-dried sediments was also 
measured with a low-background gas-flow counter (
γ-spectrometry; EG&G Ortec, GMX-25190) and 
corrected by the count of the γ-emitter standard 
(mixture of 109Cd, 57Co, 139Ce, 51Cr, 85Sr, 137Cs, 54Mn, 
88Y, 60Co; Japan Radioisotope Association) for 137Cs.



Fig. 11. Relationship between cumulative weight and 210Pbex in the 
sediment core collected off Naruse in Sendai Bay. 210Pbex was calculated as 
the 210Pb activity per gram in each 2-cm sediment sample less the average 
210Pb activity (0.42 ± 0.009 dpm/g) in sediments at depths of 48-50, 58-60, 
and 68-70 cm (used as the background or supported activity). ◆, Data 
points used in the calculation; □, data points for samples from 2-4 and 4-6 
cm depth not used in the calculation.

Fig. 12. Relationship between cumulative weight and 210Pbex in the 
sediment core collected off Ishinomaki in Sendai Bay. 210Pbex was 
calculated as the 210Pb activity per gram in each 2-cm sediment sample less 
the average 210Pb activity (0.63 ± 0.017 dpm/g) in sediments at depths of 
16-30, 34-36, 38-40, 44-46, 48-50, 62-64, and 76-78 cm (used as the 
background or supported activity).

22 Yutaka OKUMURA



Fig. 13. Vertical distribution of 137Cs activity in the 
sediment core collected off Naruse in Sendai Bay.

Fig. 14. Vertical distribution of 137Cs activity in the 
sediment core collected off Ishinomaki in Sendai 
Bay.
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Assuming that the sediments at 2‒4 cm depth in the 
Ishinomaki sample were deposited in 1987, then the 
time since deposition can be similarly calculated from 
the cumulative weight (1.69 g cm‒2; Fig. 12) and the 
210Pb-based sedimentation rate for this site (0.112 g 
cm‒2 y‒1) as 15.1 y (1.69/0.112). The time since 
deposition of the sediments at 10‒12 cm depth can be 
likewise calculated from the cumulative weight (6.41 
g cm‒2; Fig. 12) as 57.2 y (6.41/0.112), or 42 years 
earlier (57.2 - 15.1) than 1987, or 1945. Thus, the 
periods of deposition determined from the 137Cs 
activity peaks agree with those calculated by using 
the sedimentation rates determined from 210Pb 
activities.

3.2.2.  Composition and historical trends of dioxins in 
sediment cores

　In sediments from 0 to 30 cm depth (deposited 
from the mid-1930s to 2002) in the Naruse sample 
and from 0 to 4 cm depth (deposited from the early 
1980s to 2002) in the Ishinomaki sample, total PCDDs 
accounted for over 80% of the total  dioxin 
concentrations (Figs. 15 and 16; Table 2). The 
dominant PCDD congeners were 1, 3, 6, 8-TeCDD, 
1, 3, 7, 9-TeCDD, and OCDD, which together 
accounted for 79%‒84% of  the tota l  PCDD 
concentrations; PCDFs accounted for 3%‒7% of the 

thus dated those sediments to approximately that 
time period (Figs. 13 and 14). The peaks at 6‒8 cm 
depth in the Naruse sample and 2‒4 cm depth in the 
Ishinomaki sample were thought to mark the 
accident at the Chernobyl nuclear power plant in 
1986, so the deposition period for these sediments 
was set to the mid-1980s (Figs. 13 and 14).
　These tentative dates were verified by using the 
sedimentation rates determined from 210Pb activities. 
Assuming that the sediments at 6‒8 cm depth in the 
Naruse sample were deposited in 1987, then the time 
elapsed since deposition can be estimated from the 
cumulative sediment weight (4.83 g cm‒2; Fig. 11) 
and the 210Pb-based sedimentation rate calculated for 
this site (0.314 g cm‒2 y‒1) as 15.4 y (4.83/0.314). 
Likewise, the time elapsed since deposition of the 
sediments at 22‒24 cm depth is calculated from the 
cumulative weight (16.81 g cm‒2; Fig. 11) as 53.5 y 
(16.81/0.314), or 38 years earlier (53.5 - 15.4) than 
the sediments at 6‒8 cm depth (1987 - 38＝1949). 



Fig. 15. Changes in PCDD/F concentrations with time in the sediment core collected 
off Naruse in Sendai Bay. The sediment core depth (cm) corresponding to each 
sediment deposition year is shown in Table 3.

Fig. 16. Changes in Co-PCB concentrations with time in the sediment core collected 
off Naruse in Sendai Bay. The sediment core depth (cm) corresponding to each 
sediment deposition year is shown in Table 3.
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19%‒23% of the total Co-PCB concentration. PCB #81 
and PCB #169 concentrations were below the 
detection limit.
　In the Naruse sample, dioxin concentrations in 
sediments deposited in the mid-1930s and in the mid-
1980s were 413 and 3870 pg/g dw, respectively 

total PCDD + PCDF concentrations (Fig. 15, Table 
2). Although Co-PCBs accounted for less than 10% of 
dioxins, PCB #118, the most abundant Co-PCB 
congener, accounted for 52%‒62% of the total Co-
PCB concentration (Fig. 16, Table 2). PCB #105, the 
next most abundant Co-PCB congener, accounted for 
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3.3. Discussion

3.3.1.  Sedimentation rate in Sendai Bay compared 
with other areas of Japan

　The sedimentation rates off Ishinomaki and 
Naruse in Sendai Bay were 0.112 g cm‒2 y‒1 and 
0.314 g cm‒2 y‒1, respectively. The sedimentation 
rate off Ishinomaki was approximately one-third that 
off Naruse. Thus, the sedimentation rate in Sendai 
Bay varies with location. Various sedimentation 
rates have been reported for different parts of Japan 
by other studies (all values are expressed as g cm‒2 
y‒1; average ± S.D.): 0.116 ± 0.063 (n＝5), Funka 
Bay near Hokkaido; 0.26 ± 0.12 (n＝3), Sakai-Izumi 
Port; 0.22 ± 0.17 (n＝3), Yokohama Port; 0.335 (n＝
1), Nagoya Port; 0.341 (n＝1), Nagasaki Port; and 
0.552 (n＝2), Osaka Port (Ministry of Land, 
Infrastructure and Transport, Government of Japan 
2001); 0.2 ± 0.091 (n＝6), Harima-Nada (Hoshika et 
al. 1983); and 0.27 ± 0.11 (n＝7), Tokyo Bay, 
(Foundation for Promoting Personal Mobility and 
Ecological Transportation 2001). Excluding values 
from Sendai Bay, the average sedimentation rate is 
0.24 g cm‒2 y‒1.
　The sedimentation rate off Naruse was between 
those reported for Tokyo Bay and Nagoya Port, and 
higher than this average. The sedimentation rate off 
Ishinomaki was lower than this average and similar 
to that reported for Funka Bay.

3.3.2. History of dioxin sources in Sendai Bay
　The composition of the dioxin congeners in 
sediments of Sendai Bay did not notably change 
during the period from the mid-1930s to the 2000s 
(Figs. 15 and 16, Table 2). This result suggests that 
the composition of dioxin congeners in the major 
sources discharged into Sendai Bay from Miyagi 
Prefecture has been similar since the 1930s.
　1, 3, 6, 8-TeCDD and 1, 3, 7, 9-TeCDD were 
derived from impurities in CNP, and OCDD from 
impurities in PCP, from the 1960s to the 2000s 
(Masunaga et al. 2001a, Seike et al. 2003). Pesticides 
such as CNP and PCP were shipped mainly to 
agricultural areas rather than to urban areas. In 
particular, shipments of CNP products to Miyagi 
Prefecture, the so-called granary of Japan, were the 
largest in Japan in 1971, 1975, 1976, 1979, 1981, and 

(Figs. 15 and 16). Dioxin concentrations increased 
from the mid-1930s and reached a maximum in the 
mid-1980s.  1 ,  3 ,  6 ,  8 -  + 1,  3 ,  7 ,  9 -TeCDD 
concentrations also increased from the mid-1930s and 
reached a maximum in the mid-1980s. The 
concentration in sediments deposited in the mid-
1980s (1800 pg/g dw) was more than 10 times that in 
sediments deposited in the mid-1930s (110 pg/g dw). 
OCDD showed a similar trend: the concentration in 
sediments deposited in the mid-1980s (1100 pg/g dw) 
was about 8 times that in sediments deposited in the 
mid-1930s (140 pg/g dw). The total concentrations of 
other PCDD (80‒570 pg/g dw), PCDF (10‒190 pg/g 
dw), and Co-PCB (30‒200 pg/g dw) congeners, 
although lower than those of 1, 3, 6, 8- + 1, 3, 7, 
9-TeCDD or OCDD, showed similar trends.
　Although Naruse sample from the surface layer 
(<5 cm depth) was interpreted as being mixed (Fig. 
11), dioxin concentrations in sediments tended to 
decrease from the late 1980s to the present (Figs.15 
and 16 ) .  In the Ish inomaki  sample,  d ioxin 
concentrations in sediments also decreased from 
1847 pg/g dw in sediments deposited in the mid-
1980s, to 1564 pg/g dw in sediments deposited in the 
2000s (Table 2). Concentrations of 1, 3, 6, 8- + 1, 3, 
7, 9-TeCDD, OCDD, and other PCDDs, PCDFs, and 
Co-PCBs showed similar trends, decreasing from the 
late 1980s to the present.

3.2.3. History of dioxin sources
　The history of shipments of CNP and PCP 
products to Miyagi Prefecture and the amounts of 
PCBs used in Japan are shown in Figures 17 and 18. 
Shipments of CNP and PCP to Miyagi Prefecture 
were highest in 1975, when 4700 t of CNP products 
were shipped, and in 1970, when 3100 t of PCP 
products were shipped. In 1970, the amount of PCBs 
used in Japan reached a maximum of 11,100 t.

3.2.4. TEQ values
　TEQ values of dioxins in the sediment core from 
Sendai Bay (Naruse sample) ranged from 1.05 to 5.95 
pg-TEQ/g (Table 3). TEQ values of dioxins 
increased after the late 1930s, reaching a maximum 
in the mid-1980s. TEQ values of dioxins then 
decreased from the late 1980s to the present (Tables 
2 and 3).



Table 2. Dioxin concentrations in the sediment core sampled from off Ishinomali in Sendai Bay.
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Fig. 17. Amounts of CNP and PCP products (t) shipped to Miyagi Prefecture 
1963-1995, calculated from data in the Agrochemical Handbook (Japan Plant 
Protection Association 1963-1995). Because the Agrochemical Handbook was 
first published in 1963, information on shipments of PCP products to Miyagi 
Prefecture before that date is not available.

Fig. 18. Quantities of PCBs (t) used in Japan, based on data published by 
Tatsukawa (1972)

Table 3. TEQ concentirations accoding to depth in the sediment core from off Naruse.
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1984). An average of 35 million tons of coal was 
produced each year in Japan from 1930 to 1937 (Yao 
et al. 2002). In the 1940s, the production of 
chlorinated organic compounds, which are used in a 
variety of products, including building supplies, 
herbicides, and packaging, increased substantially 
(Czuczwa and Hites 1984). Also, chlorinated organic 
compounds such as DDT were registered and used 
as agricultural chemicals in Japan during the 1940s 
(Agricultural Chemicals Inspection Station 2003). 
Therefore, from the 1930s to the 1960s, major dioxin 
sources in Miyagi Prefecture may have been coal or 
agricultural chemicals.

3.3.3.  Dioxin concentrations in sediments in Sendai 
Bay compared with those in other areas of 
Japan

　Dioxin concentrations increased in the cores from 
the mid-1930s and reached a maximum in the mid-
1980s (Figs. 15 and 16). Dioxin concentrations in the 
sediments then decreased from the late 1980s to the 
present (Table 2).
　For compar ison,  the maximum PCDD/F 
concentrations in sediments in the offshore region of 
the Yodo River were deposited in the early 1990s 
(Sakai et al. 1999). In Tokyo Bay, the maximum 
concentrations of OCDD, TeCDDs, and most Co-
PCBs deposited in sediments were reported from the 
late 1960s to late 1970s (Yao et al. 2002). In Lake 
Shinji, the maximum concentration of OCDD, which 
was the predominant congener among PCDD/Fs in 
sediments, was reported in the early 1970s, and that 
of total non-ortho PCBs in the late 1960s (Masunaga 
et al. 2001b). In southern Lake Biwa, the maximum 
concentration of PCDD/Fs in sediments was 
deposited in the early 1970s (Sakai et al. 1999). 
Although the period of maximum use of CNP and 
PCP products did not vary much in different parts of 
Japan (Figs. 17 and 18; Yao et al. 2002), maximum 
dioxin concentrations in sediments were observed 
later in Miyagi Prefecture than in other parts of 
Japan. 

1982 and from 1984 to 1989 (Japan Plant Protection 
Association 1971, 1975, 1976, 1979, 1981, 1982, 1984‒
1989). Although the total amount of CNP products 
used in Japan was less than the total of PCP 
products (Yao et al. 2002), the total shipments of 
CNP products to Miyagi Prefecture was greater than 
that of PCP products (Fig. 17). Thus, TeCDDs have 
been the predominant homologues in Sendai Bay 
since the 1960s. Although other studies of dioxin 
concentrations in sediments have found PCDD 
concentrations to be higher than PCDF or Co-PCB 
concentrations, most studies have reported OCDD, 
rather than TeCDDs, to be the predominant dioxin 
congener in Japan (Sakai et al. 1999, Kubota et al. 
2002, Yao et al. 2002, Masunaga et al. 2001b). The 
sediment cores collected in Sendai Bay were 
characterized by the dominance of 1, 3, 6, 8- + 1, 3, 
7, 9-TeCDD, with a concentration higher than that of 
OCDD for a long period. Therefore, the composition 
of PCDDs in the sediments of Sendai Bay differed 
from the compositions in other parts of Japan, such 
as the offshore region of the Yodo River, the Uwa 
Sea, Tokyo Bay, and Lake Shinji (Sakai et al. 1999, 
Kubota et al. 2002, Yao et al. 2002, Masunaga et al. 
2001b).
　Major sources of Co-PCBs are thought to be PCBs 
in electrical insulating oil (Kannan et al. 1987, 
Takasuga et al. 1995) and in fly ash and exhaust 
gases from incinerators (Czuczwa and Hites 1984, 
Sakai et al. 1993). In Kanechlor, a PCB mixture used 
in Japan, PCB #118 and PCB #105 are the major 
congeners (Takasuga et al. 1995). Thus, the 
dominant Co-PCB congeners in sediments from 
Sendai Bay corresponded to those of this PCB 
product (Fig. 16, Table 2). PCB #169, which is 
derived from combustion (Yao et al. 2002), was 
below the detection limit in sediments from Sendai 
Bay. From these facts, the major source of Co-PCBs 
in Sendai Bay since the mid-1950s is inferred to be 
PCB products; combustion was much less important.
　Because there are no suitable data concerning the 
shipment of chlorinated pesticides, accurately 
determining the sources of dioxins for the 1930s to 
the 1960s is difficult.  However, there are several 
reports concerning possible sources of dioxins before 
the 1960s. Coal combustion has been a major energy 
source since the 19th century (Czuczwa and Hites 
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0.314 g cm‒2 y‒1, the area of Sendai Bay is 
approximately 1600 km2, and the concentration of 1, 
3, 6, 8- + 1, 3, 7, 9-TeCDD in sediments from 1963 
to 2000 ranged from 750 to 1810 pg/g dw. Thus, the 
total input of 1, 3, 6, 8-TeCDD and 1, 3, 7, 9-TeCDD 
to Sendai Bay between 1965 and 2000 was roughly 
estimated as 0.2 t (0.314 g cm‒2 y‒1 × 1,600 km2 ×35 
y × 750～1810 pg/g dw). Because the sum of 1, 3, 
6, 8-TeCDD and 1, 3, 7, 9-TeCDD from CNP 
products used in Miyagi Prefecture (13 t) was much 
higher than the total input of 1, 3, 6, 8- + 1, 3, 7, 
9-TeCDD to Sendai Bay from 1965 to 2000 (0.2 t), the 
river flow may function as a bottleneck that restricts 
the amount of these compounds that can reach the 
bay.
　The delay between the time of maximum use of 
CNP, PCP, and PCB products and the occurrence of 
the maximum concentrations of major dioxin 
congeners in the sediments in Sendai Bay may be 
related to the distance from the dioxin sources on 
land to the sampling site in the bay. Major dioxin 
congeners (1, 3, 6, 8- + 1, 3, 7, 9-TeCDD) in the bay 
sediments are thought to have been carried by 
rivers. The Kitakami River, the largest river flowing 
into Sendai Bay and the fifth longest among all 
Japanese large rivers (A-class rivers), is 249 km long 
(River Bureau 2003). Some dioxin emission sources, 
such as the paddy fields along the river’s upper 
reaches, may be far from Sendai Bay, so that the 
movement of dioxins from terrestrial areas to Sendai 
Bay requires a long time.

3.3.5. TEQ values
　TEQ values of dioxins in sediment cores ranged 
from 4.4 to 83 pg-TEQ/g in Tokyo Bay (Yao et al. 
2002) and from 0.014 to 17 pg-TEQ/g in the Uwa Sea 
(Kubota et al. 2002). TEQ values of PCDD/Fs in 
sediments in the Yodo River offshore region ranged 
from approximately 6 to 26 pg-TEQ/g (Sakai 1999). 
Even though for a period of several years, more 
CNP products were shipped to Miyagi Prefecture 
than to any other part of Japan (Japan Plant 
Protection Association 1963‒1995), TEQ values of 
dioxins in the sediment core from Sendai Bay, 
ranging from 1.05 to 5.95 pg-TEQ/g (Tables 2 and 
3), are lower than those reported from other areas. 
Because in other parts of Japan, the total amount of 

3.3.4.  Relationship between maximum dioxin 
concentrations in the sediments and the time 
of maximum use of CNP, PCP, and PCB 
products

　The time of deposition of maximum concentrations 
of 1, 3, 6, 8- + 1, 3, 7, 9-TeCDD, OCDD, and Co-PCBs 
(all in mid-1980s’ sediments) (Figs. 15‒18, Table 2) 
did not correspond to the peak period for shipments 
of CNP (1975) or PCP (1970) products or to the period 
of maximum PCB use (1970). In other areas of Japan, 
the maximum concentration of major dioxin 
congeners in sediments in Lake Shinji (Masunaga et 
al. 2001b), in Tokyo Bay at 35°33′N and 139°55′E 
(Yao et al. 2002), and in Lake Biwa-South (Sakai et al. 
1999), occurred before 1980. Although the timing of 
the peak period of CNP and PCP shipments to each 
prefecture di f fered s l ight ly,  the maximum 
concentrations of TeCDDs, OCDD, and Co-PCBs in 
these sediments tended to correspond to the peak 
period of shipments of CNP and PCP products and of 
PCB use. In contrast, the maximum concentrations 
of major dioxin congeners in sediments in Tokyo 
Bay at 35°35′N and 139°55′E (Yamashita et al. 
2000), in Lake Biwa-North, and in the Yodo River 
offshore region (Sakai et al. 1999) occurred after 
1980, as in Sendai Bay.
　The lack of correspondence between maximum 
concentrations of major dioxin congeners in the 
sediments in Sendai Bay and the time of maximum 
use of CNP, PCP, and PCB products may be due to a 
smaller outflow of dioxins from land to bay, in 
comparison with total amount of CNP products used 
in Miyagi Prefecture. The use of CNP and PCP 
products was extremely high in Miyagi Prefecture 
compared with that in other Japanese prefectures 
(Japan Plant Protection Association 1971, 1975, 1976, 
1979, 1981, 1982, 1984‒1989); shipments of CNP 
products to Miyagi Prefecture accounted for 
approximately 8% of total production in Japan. The 
total PCDD/Fs derived from CNP were estimated to 
be approximately 190 t (Masunaga et al. 2001a), and 
1, 3, 6, 8 -  + 1, 3, 7, 9 -TeCDD const ituted 
approximately 88% of all dioxins. Therefore, the sum 
of 1, 3, 6, 8-TeCDD and 1, 3, 7, 9-TeCDD from CNP 
products used in Miyagi Prefecture is approximately 
13 t (190 t ・ 0.08 ・ 0.88). On the other hand, the 
sedimentation rate in Sendai Bay was estimated at 
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in water samples from four major rivers flowing into 
Sendai Bay. I investigated the major sources of 
PCDD/F and Co-PCB congeners in river water 
samples by using principal components analysis 
(PCA) and a chemical mass balance (CMB) analysis. I 
also determined the dry weights of total suspended 
solids (SS) in river water samples, and using 
previously collected data (Japan River Association 
2002‒2004, and unpublished data from the Ministry 
of Land, Infrastructure and Transport, Japan) on the 
f low rates of the rivers, I investigated the 
relationship between SS and dioxin concentrations in 
the river water.

4.1.1. Materials and Methods

4.1.1.1. Sampling of river water
　River water sampling sites are shown in Fig. 19. 
Samples were collected between July 2000 and 
February 2003 at the mouths of the Kyu-Kitakami, 
Naruse, Natori, and Abukuma rivers, where the 
rivers flow into Sendai Bay. Each surface river 
water sample was collected in a water-sampling 
bucket and transferred to two 10-L glass bottles and 
a 5-L bottle. The water samples were stored at 5 °C 
in a refrigerator until analysis for dioxins and SS. 
Published river discharge data were obtained from 
the Japan River Association (2002‒2004) and the 
Ministry of Land, Infrastructure and Transport, 
Japan.

4.1.1.2.  Measurement of  dry weight  of  to ta l 
suspended solids

　The dry weight of suspended sol ids was 
determined by the method described by Uematsu et 
al. (1978), with a small modification. First, each filter 
(Millipore HA filter; pore size: 0.45 μm) was dried in 
an oven at 60 °C for 3 d, cooled in a desiccator at 
room temperature, and then weighed with an 
analytical balance (filter mass＝ma, g). After filtering 
500‒1000 mL of the river water sample from the 5-L 
bottle through the filter, the filter was dried again at 
60 °C for 3 d and weighed (filter mass＝mb, g) after 
cooling at room temperature. The dry weight of 
suspended solids (DW, g/L) was calculated as:
DW＝(mb ‒ ma)/v

(4.1)

PCP products used is larger than the total of CNP 
products (Yao et al. 2002), a TEF (0.0001) has been 
established for OCDD, which is the predominant 
dioxin congener in PCP products and in fly ash and 
exhaust emitted from incinerators, whereas no TEF 
(0) has been established for 1, 3, 6, 8-TeCDD or 1, 3, 
7, 9-TeCDD, the predominant dioxin congeners in 
CNP products.

Chapter 4.  Discharge of dioxins from terrestrial to 
marine environments

　Dioxins released into the terrestrial environment 
can reach the marine environment, where they 
accumulate in marine organisms such as fish and 
invertebrates, and then accumulate in humans who 
eat seafood (Mato et al. 2007). As part of assessing 
risk from such chemicals, it is important to 
investigate their flux from land to sea via rivers, and 
their contribution to pollution of the marine 
env i r onmen t .  Numerous  r i s k - a s s e s smen t 
investigations have estimated the flux of these 
pollutants from the land to the sea via rivers 
(Isosaari et al. 2002, Verta et al. 2003, Kobayashi et 
al. 2004b). These studies have shown that the types 
of major dioxin congeners that are present vary in 
different regions, depending on the dioxin source. 
Because the point sources of dioxins and their 
concentrations and profiles vary in different regions, 
i t  i s  necessary  t o  e s t imate  d i ox in  f l uxes 
independently for specific regions.

4.1.  Dioxin concentrations and estimated sources in 
four major rivers of Miyagi Prefecture

　1, 3, 6, 8- and 1, 3, 7, 9-TeCDD are major impurities 
in CNP. Further, OCDD is an impurity in PCP 
(Masunaga et al. 2001a, Seike et al. 2003). Because 
these congeners are the predominant dioxin 
homologues detected in paddy soils in Akita 
Prefecture, also in northern Honshu (Kobayashi et al. 
2004a, Kiguchi et al. 2007), and in the sediments of 
Sendai Bay off Miyagi Prefecture (Chapters 2 and 3), 
it is reasonable to suppose that chlorinated pesticides 
from paddy fields in Miyagi Prefecture are major 
sources of the dioxins in Sendai Bay. To test this 
hypothesis, I used HRGC/HRMS to determine the 
concentrations and compositions of dioxin congeners 



Fig. 19. Sampling sites (●) for surface river water at the mouths of the Kyu-
Kitakami, Naruse, Natori, and Abukuma rivers.
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2, 3, 6, 7, 8-HxCDD, 1, 2, 3, 7, 8, 9-HxCDD, 1, 2, 3, 
4, 6, 7, 8-HpCDD, other HpCDDs, OCDD, 2, 3, 7, 
8-TeCDF, other TeCDFs, 1, 2, 3, 7, 8-PeCDF, 2, 3, 
4, 7, 8-PeCDF, other PeCDFs, 1, 2, 3, 4, 7, 
8-HxCDF, 1, 2, 3, 6, 7, 8-HxCDF, 1, 2, 3, 7, 8, 
9-HxCDF, 2, 3, 4, 6, 7, 8-HxCDF, other HxCDFs, 1, 
2, 3, 4, 6, 7, 8-HpCDF, 1, 2, 3, 4, 7, 8, 9-HpCDF, 
other HpCDFs, and OCDF). The 104 PCDD/F 
congeners in the river water samples (41 TeCDD/F, 
35 PeCDD/F, 20 HxCDD/F, 6 HpCDD/F, and 2 
OCDD/F congeners; Table 4) were classified into the 
same 27 groups. Concentrations of PCDD/F 
congeners present in quantities lower than the 
detection limit were defined as zero. I analyzed all 
profiles, those of the 16 river water samples and 9 
from previously published data (Kashiwagi et al. 
2006), by PCA.
　Second, I obtained profiles of PCB products from 
the likely Co-PCB sources, four for Kanechlor 
(KC300, KC400, KC500, KC600) and two for exhaust 
gases, from previously published data (Kashiwagi et 
al. 2006). Concentrations of Co-PCB congeners 
present in quantities lower than the detection limit 
were defined as zero. I analyzed all profiles, 16 for 
the river water samples and 6 from the previously 
published data (Kashiwagi et al. 2006), by PCA.
　I conducted CMB analyses of PCDD/Fs using the 
same data set as used in the PCA, with CMB8J.xls 

where v is the volume (L) of sample water filtered.
　The dry weights of SS were measured seven or 
eight times for each sampling location during the 
study.

4.1.1.3. Analysis of dioxins
　The procedures for chemical analysis of dioxins 
are described in Chapter 2.1.

4.1.1.4.  Principal components analysis (PCA) and 
chemical mass balance (CMB) analysis

　To clarify the major sources of dioxin in the river 
water samples, I carried out a principal components 
analysis (PCA) with SPSS (11.5J) software. Because 
the sources of PCDD/Fs were thought to differ from 
those of Co-PCBs, I performed PCA with varimax 
rotation twice, with two data sets. First, I obtained 
typical profiles of PCDD/F congeners in probable 
major sources of PCDD/Fs in Japan from a 
previously published study (Kashiwagi et al. 2006); I 
obtained four profi les of PCDD/F congener 
impurities in each of the agricultural chemicals CNP 
and PCP, and one profile of PCDD/F congeners in 
incinerator exhaust gases (Fig. 20). Each typical 
profile comprised 27 PCDD/F congener groups 
(1,3,6,8-TeCDD, 1, 3, 7, 9-TeCDD, 2, 3, 7, 
8-TeCDD, other TeCDDs, 1, 2, 3, 7, 8-PeCDD, other 
PeCDDs, 1, 2, 3, 4, 7, 8-HxCDD, other HxCDDs, 1, 
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for 47.9% and 43.0%, respectively, of the total 
variance (Fig. 20). Thus, the percentage of variance 
accounted for by these two components was almost 
equal, and cumulatively they accounted for 90.8% of 
the total variance. Most PCDD/F congeners in the 
river water samples were therefore explained by 
these two components.
　The typical CNP profiles plotted near the value of 
1 on component 1 (x axis), while PCP and exhaust 
gas profiles plotted near value 0 on component 1. 
Thus, I interpreted component 1 as representing 
CNP. Most typical PCP profiles plotted near value 1 
on component 2 (y axis), whereas CNP and exhaust 
gas profiles, and one PCP profile, plotted near 0 on 
component 2. Thus, I interpreted component 2 as 
representing PCP. The sample profiles plotted 
between values of 0 and 1 on both axes, and thus 
reflected both CNP and PCP.
　In the PCA of Co-PCBs, components 1 and 2 
accounted for 85.4% and 8.3% of the total variance, 
respectively (Fig. 21), and cumulatively accounted 
for 93.7% of the variance. Components 1 and 2 were 
strongly influenced by KC400 and KC500. Most 
samples plotted with KC400, and near KC500. I thus 
inferred that the sources of Co-PCBs in river water 
samples were PCB products,  and that the 
importance of exhaust gases was low.
　The CMB results indicate that the contribution of 
CNP as a major source of PCDD/Fs in the water 
samples ranged from 39% to 77%, and that of PCP 
from 20% to 58% (Table 4c). In every case, the sum 
of the CNP and PCP contribution accounted for more 
than 90% of total PCDD/Fs. Therefore, the CMB 
results suggest that the major sources of PCDD/Fs 
were CNP and PCP. Because the contribution from 
incinerator exhaust gases ranged from 0% to 5.8%, I 
inferred that their contribution to PCDD/Fs in the 
water samples was extremely low. In addition, the 
results of CMB analysis indicate that almost all Co-
PCBs in river water samples were from PCB 
products (data not shown). This is consistent with 
the results of PCA of Co-PCBs.

4.1.2.3.  Variations in dioxin concentrations with river 
flow rate and suspended solids content

　The dioxin concentrations in the four rivers were 
determined on several sampling dates between 24 

(Microsoft Excel add-in software; Hayakari and 
Hanaishi 2001) to clarify the relative contributions of 
dioxin sources to river water samples. This software 
is based on the free CMB8 software from the U.S. 
Environmental Protection Agency (Coulter 2004). 
Data resulting in low coefficients of determination (r2 
< 0.8) were reanalyzed after deletion of several 
congeners with low concentrations from the data set.

4.1.2. Results

4.1.2.1. Dioxin congeners and TEQs in river water
　In Miyagi Prefecture, four major rivers, the Kyu-
Kitakami, Naruse, Natori, and Abukuma rivers, flow 
into Sendai Bay; the upper reaches of the Kyu-
Kitakami and Abukuma rivers also flow through the 
adjacent Iwate and Fukushima prefectures, 
respectively (Fig. 19).
　The dioxin concentrations in samples from the 
four rivers are shown in Table 4a-c. PCDDs were 
present in higher concentrations in river water than 
were Co-PCBs or PCDFs. In all samples, total 
PCDDs accounted for more than 50% of total dioxins, 
and in several samples, they accounted for more 
than 90% of total dioxins (Table 4a). Total TeCDDs 
and OCDD accounted for more than 80% of total 
PCDDs. Because TeCDD concentrations were higher 
than OCDD concentrations, TeCDDs were the 
dominant PCDD homologues in river water. 1, 3, 6, 
8- and 1, 3, 7, 9-TeCDD concentrations were markedly 
high among all TeCDD congeners, and 1, 3, 6, 8- 
and 1, 3, 7, 9-TeCDD together accounted for more 
than 90% of all TeCDDs (Table 4a).
　Co-PCBs accounted for 0.7% to 9.8% of all dioxins 
detected in the Kyu-Kitakami River, 2.8% to 4.5% of 
those in the Naruse River, 11.3% to 40.9% of those in 
the Natori River, and 5.7% to 19.2% of those in the 
Abukuma River (Table 4c).
　TEQs of samples collected on 11 July 2002 ranged 
from 1.16 to 7.49 pg-TEQ/L. TEQs of samples other 
than those collected on 11 July 2002 ranged from 
0.0079 to 1.24 pg-TEQ/L (Table 4c).

4.1.2.2.  Characterization of dioxin concentrations by 
PCA and CMB

　In the PCA of PCDD/Fs, including the data from 
published literature, components 1 and 2 accounted 
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Fig. 20. PCA plot of PCDD/Fs in river water samples and in potential 
sources (from Kashiwagi et al. 2006).

Fig. 21. PCA plot of Co-PCBs in river water samples and in potential 
sources (from Kashiwagi et al. 2006).
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2002, after the typhoon had passed, concentrations 
were markedly higher: 5240 pg/L in the Kyu-
Kitakami River, 5401 pg/L in the Naruse River, 777 
pg/L in the Natori River, and 4473 pg/L in the 
Abukuma River (Table 4c, bold). When flow rates 
were low (on 24 July 2000 and on 28 Feb. 2003), 
dioxin concentrations in all four rivers were below 
200 pg/L, and they were particularly low, about 20 
pg/L, in the Natori and Abukuma Rivers (Table 4c, 
italic). The dioxin concentrations measured at high 
flow rates were thus 30 to 200 times those at low 

July 2000 and 28 February 2003; water flow in the 
rivers varied among the sampling dates (Table 4a-c). 
The flow rates were low on 24 July 2000 and 28 
February 2003. In contrast, a typhoon struck Miyagi 
Prefecture in the early morning of 11 July 2002 
(Japan Meteorological Agency 2002). Rainfall 
associated with the typhoon began on 10 July 2002, 
and more than 100 mm of precipitation was observed 
on both 10 and 11 July at several observation points 
in Miyagi Prefecture. As a result, the river flow 
rates increased greatly on those days. On 11 July 



Fig. 22. Relationships between river flow rates and total dioxin 
concentrations in four large rivers in Miyagi Prefecture.

Fig. 23. Relationships between river flow rates and suspended 
solids concentrations in four large rivers in Miyagi Prefecture.
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4.1.3. Discussion

4.1.3.1. Dioxin congeners and TEQs in river water
　In river water, 1, 3, 6, 8-TeCDD, 1, 3, 7, 9-TeCDD 
and OCDD were the dominant dioxin homologues 
(Table 4). Several dioxin congeners are known to be 
associated with particular dioxin emission sources 
(Hashimoto 2004, Verta et al. 2007). For example, 2, 
3, 7, 8-TeCDF has been detected in pulp mill 
bleaching wastes (Rappe et al. 1989); OCDF from a 
plant producing vinyl chloride monomers (Isosaari et 
al. 2000); 1, 3, 6, 8-TeCDF, 1, 3, 6, 7, 8-PeCDF, and 
1, 2, 3, 4, 7, 9-HxCDF in wastes from a dye 
manufacturing plant (Kakimoto et al. 2006); and 1, 2, 
7, 8-TeCDD, 2, 3, 7, 8-TeCDF, 1, 2, 3, 7, 8-PeCDD, 

flow rates.
　Total dioxin concentrations increased with 
increasing river flow rates (Fig. 22). For each river, 
the total dioxin concentration (x ; pg/L) was 
significantly and positively correlated with the daily 
discharge (y; m3/s) (Kyu-Kitakami, log y＝1.77×log x 
‒ 1.68, r2＝0.7; Naruse, log y＝0.80× log x + 1.11, r2

＝0.92; Natori, log y＝0.74× log x + 0.79, r2＝0.96; 
and Abukuma, log y＝1.11× log x ‒ 0.46, r2＝0.93; P 
< 0.05 for all).
　Similarly, for each river, the logarithm of the SS 
concentration (mg/L) was positively correlated with 
the logarithm of flow rates (m3/s; r2＝0.87 for Kyu-
Kitakami, 0.92 for Naruse, 0.84 for Natori, and 0.87 
for Abukuma; P < 0.05 for all) (Fig. 23).
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incinerator exhaust gases, have been identified as 
major sources of dioxins in river water in Japan 
(Kobayashi et al. 2003, Kiguchi et al. 2007), but the 
sources are considered to differ according to the 
character of the river basin, whether urban or 
agricultural (Kiguchi et al. 2007). Major dioxin 
sources in river water samples collected in the 
Tokyo Metropolitan Area and in Kanagawa 
Prefecture, which are largely urbanized, were 
reported to be exhaust gases (Kobayashi et al. 2003), 
whereas major dioxin sources in river water samples 
collected in Akita Prefecture were reported to be 
CNP and PCP (Kobayashi et al. 2004a). Thus, in this 
study, the results of river water samples collected in 
Miyagi Prefecture were similar to those for 
agricultural rather than urban areas.

4.1.3.3.  Variations in dioxin concentrations with river 
flow rate

　The dioxin concentrations measured at high flow 
rates on 11 July 2002 were 30 to 200 times those at 
low flow rates (Table 4; Fig. 22). These results 
suggest that large amounts of dioxins were 
discharged into Sendai Bay during the flood event.
　In general, paddy fields are flooded with water 
from rivers in spring and summer during rice 
p l ow i ng ,  p l a n t i ng ,  a nd  g r ow ing .  D i ox i n 
concentrations in rivers during these seasons are 
reported to be higher than those in autumn 
(Kakimoto et al. 2006). In Miyagi Prefecture, July is 
the rice-growing season, and the paddy fields are 
f looded with r iver water. The high dioxin 
concentrations on 11 July 2002 is attributable to the 
fact that the region was struck by a typhoon when 
the paddy fields were flooded with river water. 
Thus, dioxins in the paddy field soils could be easily 
transferred into the rivers.

4.1.3.4.  Changes in total dioxin concentrations with 
suspended solid loads

　Total dioxin concentrations increased with 
increasing river flow rates (Fig. 22). These results 
are consistent with those of a previous report, in 
which the TEQ of dioxins was linearly related to 
river water discharge near Tokyo Bay (Kobayashi et 
al. 2004b). Similarly, for each river sampled in this 
study, the logarithm of the SS concentration (mg/L) 

1, 2, 3, 4, 7, 8-HxCDF, and 1, 2, 3, 4, 6, 7, 8-HpCDF 
in industr ia l  wastewaters from acety lene, 
caprolactam, pigment, and potassium sulfate 
factories (Hashimoto 2004). Similarly, TeCDF is a 
byproduct of the production of trichlorobenzenes 
(Schrann et al. 1995); 1, 2, 3, 4, 6, 7, 8-HpCDF has 
been detected in chlorophenols (Verta et al. 1999, 
2003, Isosaari et al. 2002); OCDD in general air 
samples (Lohmann and Jones 1998) and in PCP 
(Masunaga et al. 2001a, Seike et al. 2003); 1, 3, 6, 
8-TeCDD and 1, 3, 7, 9-TeCDD in CNP (Masunaga et 
al. 2001a, Seike et al. 2003); and 1, 3, 6, 8- and 1, 3, 
7, 9-TeCDD, and OCDD are known to be major 
dioxin congeners in paddy soils in Japan (Seike et al. 
2003, Kobayashi et al. 2004a, Uegaki et al. 2006). 
Moreover, composit ions of dioxin congener 
assemblages in river waters were similar to those in 
paddy soi l ,  in sediments of r ivers draining 
agricultural areas in Japan (Kobayashi et al. 2004a, 
Kiguchi et al. 2007), and in sediments in Sendai Bay 
(Chapters 2 and 3, this study). I considered paddy 
fields to be the major source of dioxins in river 
water, in seawater, and in sediment samples from 
Sendai Bay.
　Impurities in chlorinated pesticides were less 
abundant and the ratio of Co-PCBs to total dioxins 
was higher in the Natori River than in the other 
rivers (Table 4). These differences may be because 
the Natori River, which flows to Sendai Bay through 
the city of Sendai, has fewer paddy fields and more 
PCB products in its catchment than the other rivers.
　Except for the TEQs of the samples collected on 
11 July 2002, the TEQs found in this study ranged 
from 0.01 to 1.2. TEQs of river water samples 
collected in Hokuriku District and near Tokyo Bay 
ranged from 0.11 to 1.6 pg-TEQ/L (Kakimoto et al. 
2006) and from about 0.1 to 0.8 pg-TEQ/L (Takada 
1997), respectively. Therefore, the TEQs in this 
study were similar to those reported in studies 
conducted in other parts of Japan.

4.1.3.2.  Characterization of dioxin concentrations by 
PCA and CMB

　The PCA and CMB results indicate that the major 
dioxins sources in the river water samples were 
CNP and PCP (Fig. 20 and Table 4c). Impurities in 
the chlorinated pesticides CNP and PCP, and 
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transformed data plotted near the intercept, and a 
negative intercept implies a negative daily flux. 
However, daily fluxes calculated from the log-
transformed values are always positive. Therefore I 
used the following approach to determine which 
equation to use: when the discharge was less than a 
node between the non-transformed equation and the 
log-transformed equation, I used the logarithmic 
equation. Otherwise, I used the real number 
equation.
　The annual 1, 3, 6, 8- + 1, 3, 7, 9-TeCDD flux y 
(g/y) from each river to Sendai Bay was then 
calculated as follows:

y＝Σu
(4.3)

where Σu is the sum of the daily 1,3,6,8- + 
1,3,7,9-TeCDD flux discharges from each river to 
the bay over 1 year (g/y).
　The annual average daily 1, 3, 6, 8- + 1, 3, 7, 
9-TeCDD flux z (g/d) for each river was calculated 
as follows:

z＝Σu/365
(4.4)

The same approach was used to calculate annual 
average daily fluxes of OCDD and TEQs.
　TEQs were calculated by using toxic equivalency 
factors (TEFs) provided by the World Health 
Organization (Van den Berg et al. 1998), instead of 
the I-TEQ calculated by using the international toxic 
equivalency factors (I-TEFs) given by Kurtz et al. 
(1990).

4.2.2. Results

4.2.2.1. Daily flow rate
　Figure 24 shows published daily river flow rates 
for the Kyu-Kitakami, Naruse, Natori, and Abukuma 
rivers for 1999‒2002 (Japan River Association 2001‒
2004). The summed average daily flow rate of the 
four rivers was 526 m3/s in 1999, 510 m3/s in 2000, 
357 m3/s in 2001, and 401 m3/s in 2002, and their 
relative magnitudes were: 1999 > 2000 > 2002 > 
2001. The individual average daily flow rates of the 
Kyu-Kitakami, Naruse, Natori, and Abukuma rivers 
ranged from 165 to 296 m3/s, 38 to 65 m3/s, and 12 
to 21 m3/s, 139 to 182 m3/s, respectively, and their 
relative magnitudes were: Kyu-Kitakami > Abukuma 

was positively correlated with the logarithm of daily 
discharge (Fig. 23). These results are also consistent 
with previously reported results (Takada 1997).
　Dioxin congeners are water-insoluble, and they are 
easily adsorbed onto suspended solids (Brochu et al. 
1995). A previous study found that TEQs of 
suspended-phase dioxins in river water were higher 
than those of dissolved-phase dioxins (Kobayashi et 
al. 2004b), and TEQ values of dioxins in river water 
also increased with the concentration of SS 
(Kobayashi et al. 2004b, Kakimoto et al. 2006). Thus, 
the results of this study suggest that dioxins 
remaining in paddy soils and/or riverbed sediments 
were discharged in large quantities to Sendai Bay 
during flooding.

4.2.  Estimated dioxin discharges into Sendai Bay 
from terrestrial sources in Miyagi Prefecture

　As part of a program to estimate dioxin flux into 
Sendai Bay over the last several decades, I 
estimated the annual flux of major dioxin congeners 
discharged from the terrestrial environment into 
Sendai Bay by four major rivers.

4.2.1. Materials and Methods
　The daily 1, 3, 6, 8- + 1, 3, 7, 9-TeCDD flux u (g/
d) from each river was calculated as:

u＝w × x  (4.2)
where w is the concentration of 1, 3, 6, 8- + 1, 3, 7, 
9-TeCDD calculated from the relationship between 
water flow rate (m3/s) and 1, 3, 6, 8- + 1, 3, 7, 
9-TeCDD concentration (pg/L) in each river (Table 5) 
and x is the daily flow rate (m3/d). I used the data 
presented in Chapter 4.1 to determine the linear 
equations describing the relationships between flow 
rates and concentrations, and then compiled Table 6. 
I obtained the daily flow rates for each river from 
1999‒2002 from published data (Japan River 
Association 2001‒2004). To determine daily 1, 3, 6, 
8- + 1, 3, 7, 9-TeCDD concentrations for each river, I 
used one of the two equations shown in Table 5. The 
correlation coefficients for the equations based on 
non-transformed data were higher than those using 
log-transformed data. When flow rates were high, 
the daily dioxin fluxes were calculated using non-
transformed data. When the flow rate was near 
zero, the daily dioxin fluxes calculated from the non-



Table 5. Linear relationships between dioxin concentrations and river discharge.
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daily flux of these congeners from the Kyu-Kitakami 
River into Sendai Bay accounted for 49% to 84% of 
the total flux from the four rivers, whereas that from 
the Natori River accounted for 0.13% to 0.83%. The 
Kyu-Kitakami River was thus the major source of 
1,3,6,8- and 1,3,7,9-TeCDD discharged into Sendai 
Bay.
　The daily fluxes of 1, 3, 6, 8- + 1, 3, 7, 9-TeCDD 
increased with increasing river flow rates (Figs. 24 
and 25). Periods during which flow rate was higher 
than the average daily flow rate accounted for 18% 
to 36% of the year; the fluxes of 1, 3, 6, 8- + 1, 3, 7, 
9-TeCDD during these periods accounted for 49% to 
97% of the total annual fluxes. The highest daily 
fluxes of 1, 3, 6, 8- + 1, 3, 7, 9-TeCDD from the four 
rivers were observed in 2002. For the Kyu-Kitakami, 
Naruse, Natori, and Abukuma rivers they were 
approximately 690, 480, 15, and 1100 g/d, 
respectively. These values were more than 10 times 
the average daily flux for each river.

4.2.2.3.  Estimation of annual fluxes of 1, 3, 6, 8- + 1, 
3, 7, 9-TeCDD and OCDD and TEQs into 
Sendai Bay

　The annual fluxes of 1, 3, 6, 8- + 1, 3, 7, 9-TeCDD 
and OCDD ranged from 2100 to 8500 g/y for the 

> Naruse > Natori. The average daily flow rate of 
the Kyu-Kitakami was highest in 2000, and those of 
the Abukuma, Naruse, and Natori, as well as the 
summed daily flow rate of the four rivers, were 
highest in 1999. The maximum average flow rates of 
each of the four rivers were all observed in 2002: 
1900 m3/s for the Kyu-Kitakami, 1700 m3/s for the 
Naruse, 740 m3/s for the Natori, and 5700 m3/s for 
the Abukuma. A typhoon that struck Miyagi 
Prefecture on 11 July 2002 (Japan Meteorological 
Agency 2002) greatly increased the discharge at that 
time.

4.2.2.2.  Relationship between daily fluxes of 1, 3, 6, 
8- + 1, 3, 7, 9-TeCDD and river flow rate

　Daily fluxes of 1, 3, 6, 8- + 1, 3, 7, 9-TeCDD in the 
four rivers for each of the years 1999‒2002 are 
shown in Fig. 25. The annual average daily fluxes of 
1, 3, 6, 8- + 1, 3, 7, 9-TeCDD were calculated from 
equations (4.3) and (4.4). For the Kyu-Kitakami, 
Naruse, Natori, and Abukuma rivers the fluxes 
ranged from 3.0 to 14 g/d, 0.7 to 2.9 g/d, 0.021 to 
0.11 g/d, and 1.0 to 4.4 g/d, respectively. The 
relative magnitudes of the annual average daily 
fluxes of the four rivers were: Kyu-Kitakami > 
Abukuma > Naruse > Natori. The annual average 



Fig. 24. Daily discharge from 1999 to 2002 of the Kyu-Kitakami, Abukuma, Naruse, and Natori rivers in 
Miyagi Prefecture, Japan (Japan Meteorological Agency 2002). Annual average daily discharges for each 
river are also shown with straight lines.
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magnitudes were Kyu-Kitakami > Abukuma > 
Naruse > Natori (Table 6). The areas under paddy 
field in the vicinity of the Kyu-Kitakami, Naruse, 

Kyu-Kitakami River, 360 to 1400 g/y for the Naruse 
River, 15 to 87 g/y for the Natori River, and 580 to 
2200 g/y for the Abukuma River, and their relative 



Fig. 25. Daily fluxes from 1999 to 2002 of 1, 3, 6, 8- + 1, 3, 7, 9-TeCDD to Sendai Bay from the Kyu-
Kitakami, Abukuma, Naruse, and Natori rivers. Annual average daily fluxes of 1, 3, 6, 8- + 1, 3, 7, 
9-TeCDD for each river are also shown with straight lines.
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Agriculture, Forestry and Fisheries 2010). For these 
four rivers, the annual river water discharge ranged 
from 1900 to 3400 km3/y, 440 to 750 km3/y, 140 to 

Natori, and Abukuma rivers in Miyagi Prefecture 
from 1999 to 2002 were approximately 147,742, 
42,762, 9510, and 70,260 ha, respectively (Ministry of 
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There is a good correlation between dioxin 
concentration and the concentration of suspended 
solids (Kakimoto et al. 2006, this study [Chapter 
4.1]). Particulate-phase dioxins are known to be in 
higher concentrations than dissolved dioxins, and 
discharge occurs mainly in the particulate phase 
(Kobayashi et al. 2004b). High concentrations of 
chemicals at times of high flow rate are thought to 
be the result of resuspension of river sediments 
(Takada et al. 1992). I believe that particulate dioxins 
resuspended from sediments during periods of high 
flow rate are the main contributor to dioxin fluxes 
into Sendai Bay.

4.2.3.2.  Estimation of annual fluxes of 1, 3, 6, 8- + 1, 
3, 7, 9-TeCDD, and OCDD into Sendai Bay, 
including TEQ fluxes

　The annual fluxes of 1, 3, 6, 8- + 1, 3, 7, 9-TeCDD 
and OCDD were highest in the Kyu-Kitakami River, 
where both the area of paddy fields and the flow 
rate were greatest (Fig. 24, Table 6). In contrast, 
the annual fluxes of these contaminants were lowest 
in the Natori River, where both the area of paddy 
fields and the flow rate were smallest. These results 
suggest that the annual fluxes of 1, 3, 6, 8-+ 1, 3, 7, 
9-TeCDD and OCDD are dependent on the land area 
under paddy fields in the river catchments and, by 
extrapolation, the amount of chlorinated pesticides 
(CNP and PCP) used in the rice-growing areas.
　The summed annual fluxes (in TEQs) for the four 
rivers during 1999‒2002 ranged from 4.04 to 14.5 g 
TEQ/y (Table 6). In previously published reports, 
the total flux from six rivers into Tokyo Bay was 
12.6 g TEQ/y (Kobayashi et al. 2004b); from the 
Kymijoki River into the Gulf of Finland the value 
was 44 g I-TEQ in 2001 (Verta et al. 2003). Thus, the 
TEQs of the fluxes into Sendai Bay and Tokyo Bay 
were similar, although the major sources of the 
dioxins and the flow rates for these two regions 
were different. The TEQ values for the fluxes into 
Sendai Bay (calculated as WHO-TEQ) were lower 
than for those into the Gulf of Finland (calculated as 
I-TEQ), although I-TEQ values are sometimes 
slightly lower than WHO-TEQ values (You et al. 
2004, Nakatani 2006).
　1, 3, 6, 8- + 1, 3, 7, 9-TeCDD and OCDD and TEQ 
concentrations were highest in the Kyu-Kitakami 

240 km3/y, and 1600 to 2100 km3/y, respectively. 
The annual fluxes of 1, 3, 6, 8- + 1, 3, 7, 9-TeCDD 
and OCDD were highest in the Kyu-Kitakami River, 
where both the area of paddy fields and the water 
discharge were greatest. In contrast, the annual 
fluxes of these contaminants were lowest in the 
Natori River, where both the area of paddy fields 
and the water discharge were smallest.
　1, 3, 6, 8- + 1, 3, 7, 9-TeCDD and OCDD and TEQ 
concentrations were highest in the Kyu-Kitakami 
River in 2000, and highest in the Naruse and Natori 
rivers in 1999. In years when flow rates were high, 
dioxin concentrations also tended to be high (Fig. 24, 
Table 6). In the Abukuma River, major dioxin and 
TEQ concentrations were highest in 2002, despite 
the flow rates being lower than in 1999.
　Interannual variations in the summed fluxes of 1, 
3, 6, 8- + 1, 3, 7, 9-TeCDD for the four rivers ranged 
from 1700 to 6200 g/y and those of OCDD ranged 
from 1400 to 4000 g/y. Interannual variations in the 
summed TEQ fluxes of the four rivers ranged from 
4.04 to 14.5 g WHO-TEQ/y. The greatest 
interannual variability in TEQ flux over the period 
1999‒2002 was observed in the Natori River, where 
the flux ranged from 0.02 to 0.17 g WHO-TEQ/y. 
The least interannual variability in TEQ flux was 
observed in the Kyu-Kitakami River, where it 
ranged from 2.6 to 11.5 g WHO-TEQ/y. Thus, the 
annual fluxes of 1, 3, 6, 8- + 1, 3, 7, 9-TeCDD and 
OCDD, and of the TEQs, varied by factors ranging 
from approximately 3 to 10 in individual rivers 
during the 4 years covered by this study.

4.2.3. Discussion

4.2.3.1.  Calculation of daily 1, 3, 6, 8- + 1, 3, 7, 
9-TeCDD fluxes in relation to river flow rate

　The daily fluxes of 1, 3, 6, 8- + 1, 3, 7, 9-TeCDD 
increased with increasing river flow rate (Figs. 24 
and 25). Days of high water flow contributed greatly 
to the annual fluxes of 1, 3, 6, 8- + 1, 3, 7, 9-TeCDD 
from these rivers into Sendai Bay. During periods of 
flooding and high flow rate, high concentrations of 
dioxin were observed in river samples (Stachel et al. 
2004) and in a modeling study (Kobayashi et al. 
2004b). My calculations of dioxin fluxes were 
consistent with those in these previous reports. 



Table 6. Calculated annual flux of dioxins (g/y) from the Kyu-Kitakami, Abukuma, Naruse, and Natori rivers 
to Sendai Bay.
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riverine fluxes of dioxins to the sea are carried out 
over a span of several years.

Chapter 5.  Mass balance of major dioxin congeners 
from impurities in pesticides used in 
Miyagi Prefecture

　Because marine pollution is generally observed 
near urban areas rather than near agricultural areas, 
investigations of marine pollution have been 
conducted mainly in urban areas. Moreover, bays 
near urban areas are affected by sludge, by anoxic 
water at the bay bottom, and by red tides caused by 
eutrophication, all of which produce severe 
environments for marine organisms and render such 
bays unsuitable for fisheries.
　Sendai Bay is an important area for coastal 

River in 2000, and highest in the Naruse and Natori 
rivers in 1999. In years when flow rates were high, 
dioxin concentrations also tended to be high (Fig. 24, 
Table 6). In the Abukuma River, major dioxin and 
TEQ concentrations were highest in 2002, despite 
the flow rates being lower than in 1999. In 2002, the 
highest flow rate of the study period was observed 
in the Abukuma River as a result of a typhoon 
(Japan Meteorological Agency 2002). This suggests 
that typhoon-related high flow rates caused the high 
major dioxin and TEQ fluxes.
　The annual fluxes of 1, 3, 6, 8- + 1, 3, 7, 9-TeCDD 
and OCDD, and the TEQs, varied by factors from 
approximately 3 to 10 in individual rivers during the 
4 years covered by this study (Table 6). This study 
shows that dioxin fluxes vary considerably from year 
to year; therefore, it is essential that investigations of 
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products into Miyagi Prefecture were separately 
calculated using data from the literature (Japan Plant 
Protection Association, 1963, 1964,…1995; Chapter 
4.1, this work). The concentrations of 1, 3, 6, 8- and 
1, 3, 7, 9-TeCDD in CNP products and OCDD 
concentrations in PCP products varied according to 
the date of manufacture (Masunaga et al. 2001a, 
Seike et al. 2003). The concentrations used for this 
study were from published values (Masunaga et al. 
2001a). The quantities of 1, 3, 6, 8- and 1, 3, 7, 
9-TeCDD released annually to the environment were 
calculated by multiplying the annual amounts of CNP 
products shipped by the concentrations of 1, 3, 6, 8- 
and 1, 3, 7, 9-TeCDD in CNP products each year. 
Similarly, the annual quantities of OCDD were 
calculated by multiplying the annual shipments of 
PCP products by the OCDD concentration in those 
products each year (Table 7a, steps 1‒3).
　Dioxin compounds in the environment gradually 
disappeared as a result of degradation, runoff, and 
volati l ization (Claudia and Matsumura 1978, 
Sinkkonen and Paasivirta 2000, Masunaga et al. 
2001b). The residual quantities of the major pesticide 
dioxins in the terrestrial environment were 
calculated by assuming a 2% annual loss through 
these processes (Masunaga et al. 2001b; Table 7a, 
step 4).

5.1.2.  Total emissions from major rivers to Sendai 
Bay from 1963 to 2002

　The annual flux data for the major pesticide 
dioxins from the major rivers of Miyagi Prefecture to 
Sendai Bay were obtained as shown in Chapter 4.2 
(Table  7a,  s teps 5‒7 ) .  Histor ica l ly ,  d iox in 
concentrations in sediment samples from Sendai Bay 
gradually increased from the mid-1930s to the mid-
1980s, and then decreased slightly from the mid-
1980s to the early 2000s (Chapter 3). The estimated 
annual fluxes were corrected taking into account this 
historical trend of concentrations in sediments (Table 
7a, steps 8‒21). The total fluxes for four decades 
were calculated by integrating the annual fluxes 
(Table 7a; steps 22-24).
　Generally, groundwater inflow to the bay was 
thought to range from several percent to 10% of 
river water inflow (Taniguchi 2005). Dioxin 
congeners were water-insoluble and easily adsorbed 

f isheries, including aquaculture. In Miyagi 
Prefecture, face to Sendai Bay, large amounts of the 
chlorinated pesticides CNP and PCP were used in 
the past (Kato et al. 2005). By using the published 
shipment data for CNP and PCP for Miyagi 
Prefecture (Japan Plant Protection Association 1963‒
1995), it is possible to calculate the total quantity of 
the major dioxin congeners that were introduced as 
impurities in these chlorinated pesticides. Moreover, 
in a series of investigations in Sendai Bay and Miyagi 
Prefecture, past dioxin concentrations in seawater, 
sediment, marine organisms, and river water were 
determined (Chapters 2‒4). In this chapter, the mass 
balance of dioxins from CNP and PCP sources are 
calculated, taking into account residual quantities in 
the terrestrial environment, emissions from major 
rivers to Sendai Bay, accumulation in seawater, 
bioaccumulation in organisms, settling to the sea 
bottom, and discharges from Sendai Bay to offshore 
waters. Although there have been attempts to 
estimate the mass balance of PCBs (Tanabe and 
Tatsukawa 1981, Yanagi and Hashimoto 2000), 
studies on the mass balance of dioxins are limited.

5.1. Materials and Methods
　1, 3, 6, 8- and 1, 3, 7, 9-TeCDD were the major 
dioxin congeners occurring as impurities in CNP 
products, and OCDD was the major dioxin congener 
occurring in PCP products (Masunaga et al. 2001a, 
Seike et al. 2003). In this study, 1, 3, 6, 8- and 1, 3, 
7, 9-TeCDD and OCDD were used as tracers, and a 
mass balance was calculated for the sum of the 
concentrations of these three congeners in Sendai 
Bay and the surrounding Miyagi Prefecture (Fig. 26, 
Table 7). These three congeners are collectively 
referred to as “the major pesticide dioxins” in this 
chapter. For these calculations, the seaward 
boundary was set as shown in Fig. 26 and the size 
and shape of the bay were defined, and then the 
seawater volume of the bay was calculated.

5.1.1.  Total amounts of major pesticide dioxins in the 
terrestrial environment of Miyagi Prefecture 
from 1963 to 2002

　CNP and PCP products were shipped to Miyagi 
Prefecture from 1966 to 1994, and from 1963 to 1985, 
respectively. The annual shipments of CNP and PCP 



Fig. 26. Study area. Sendai Bay was defined as the area north of the dotted line 
extending from the tip of Osika Peninsula to the mouth of the Abukuma River. 
From this, the area of Sendai Bay was calculated as 1874 km2. The symbols ● and 
○ indicate the sampling sites within and outside of the bay, respectively, sampled as 
part of the oceanographic survey by Miyagi Prefecture Fisheries Technology 
Institute. In the box model used for this study, the vertical salinity data measured at 
each sampling site during the oceanographic survey were used to estimate 
discharge from Sendai Bay to offshore waters.
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5.1.4.  Bioaccumulation of the major pesticide dioxins 
in commercially valuable fish, shellfish, and 
seaweeds

　The Pacific oyster and the seaweeds Porphyra 
yezoensis, Laminaria japonica, and Undaria 
pinnatifida are raised in aquaculture operations in 
Sendai Bay, and almost all of the biomass of these 
organisms is harvested. The total quantities of the 
major pesticide dioxins in Pacific oysters and these 
seaweeds were calculated by multiplying the dioxin 
concentrations in each species by the total weight of 
the yearly harvest (Table 7b, steps 34‒38 and 49‒51). 
The total quantities in fish and crustaceans were 
calculated by multiplying the concentrations in each 
species by the annual harvest of that species, and by 
the ratio (w/w) of the total biomass of that species in 
the bay to the amount harvested (Table 7b-c, steps 
39‒48 and 52‒71). The total bioaccumulations in fish, 
shellfish, and seaweeds of the commercial fisheries 
were calculated by adding together the values for 
each species (Table 7c, step 72).

onto suspended solids (Brochu et al. 1995). As the 
concentrations of dissolved-phase dioxins were lower 
than those of suspended-phase dioxins (Kobayashi et 
al. 2004b), the inflow of dissolved-phase dioxins from 
groundwater to the bay was thought to be limited. 
In this study, dioxin fluxes from groundwater to the 
bay were ignored as being inconsequential.

5.1.3.  Annual flux of the major pesticide dioxins in 
Sendai Bay

　The total sedimentation of major pesticide dioxins 
to the bay bottom was determined by multiplying 
the area of Sendai Bay by the sedimentation rate and 
the concentration of major dioxins in surface 
sediments (Table 7a, steps 25‒29). The total 
quantities of the major pesticide dioxins in seawater 
were determined by multiplying the seawater 
volume by the dioxin concentrations in seawater in 
Sendai Bay (Table 7b, steps 30‒33). The volume of 
seawater was calculated from the area and 
maximum depth of Sendai Bay using the equation 
for the volume of a pyramid ([area × depth]/3).
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241 kg (Table 7a, step 24; Fig. 29). 
　If the total quantity of the major pesticide dioxins 
from CNP and PCP products shipped to Miyagi 
Prefecture is set to 100%, then as of 2002, 56.7% 
remained as residual dioxin in the terrestrial 
environment, and discharge from major rivers into 
Sendai Bay accounts for only 0.8% (Fig. 30).

5.2.2. Dioxin flux in the marine environment
　The annual fluxes of major pesticide dioxins in the 
marine environment around 2002 were calculated as 
3.0 kg/y settling to the bottom and 0.34 kg 
remaining in the seawater for steady-state (Table 7a, 
steps 29, and 33; Fig. 30). The total bioaccumulation 
in commercially valuable fish, shellfish, and seaweed 
in Sendai Bay is thus 3.2 g/y (Table 7c step 72; Fig. 
30). The average discharge from Sendai Bay to 
offshore (outside of the bay) from 1999 to 2002 was 
calculated as 6.17 kg/y (Figs. 30 and 31). If the 
inputs to the bay from major rivers (7.7 kg/y) are 
set as 100%, then the amount discharged from the 
bay to offshore waters accounts for 80.1%, 39.0% 
settles to the sea bottom, 4.4% remains in seawater 
in the bay, and 0.04% is bioaccumulated in marine 
organisms in the bay (Fig. 30). 
　Thus, the estimated total flux in the marine 
environment (6.17 kg/y + 3.0 kg/y + 3.2 g/y＝9.17 
kg/y) is overestimated by 1.47 kg/y (19%) in 
comparison with estimated inflows from major rivers 
to the bay (7.7 kg/y).

5.3. Discussion

5.3.1.  Dioxin flux in the terrestrial environment
　High dioxin levels have been detected in Japan, 
mainly in paddy fields (Kobayashi et al. 2004b, 
Kadota et al. 2007, Kiguchi et al. 2007). Although 
released dioxins as constituent of pesticide have been 
gradually removed from the field as results of 
decomposition, runoff and volatilization, the large 
part of the pesticide dioxins from CNP and PCP 
products shipped to Miyagi Prefecture was thought 
to remain as residual dioxins in the terrestrial 
environment (17.4 t; Table 7a, steps 3 and 4; Fig. 
30). The estimates of dioxin flux show that only 0.8% 
(241 kg; Table 7a, step 24) of the residual dioxins in 
the terrestrial environment were transported to 

5.1.5. Discharge from Sendai Bay to offshore waters
　Discharge from Sendai Bay to waters further 
offshore was calculated by multiplying the outflow of 
s e awa t e r  f r om  t h e  b a y  b y  t h e  a v e r a g e 
concentrations of the major pesticide dioxins (Table 
7a, step 32). The outflow of seawater was estimated 
by using the box model described by Unoki (1998). A 
schematic of the box model and parameters is shown 
in Figure 27. In the box model, the volumetric flows 
of seawater were calculated from the sum of the flow 
rates of the major rivers discharging into Sendai Bay 
(Kyu-Kitakami, Naruse, Natori, and Abukuma 
rivers) and the average salinity concentrations in 
each box of the model (Table 8). The flow rates for 
each river for 1999‒2002 were obtained from 
published data (Japan River Association 2001, 2002, 
2003, 2004); the salinity data for the stations shown 
in Figure 26 are unpublished (Miyagi Prefecture 
Fisheries Technology Institute).
　The outflow of seawater (Q′, m3/s) from inshore to 
offshore in the upper layer of Sendai Bay was 
calculated as:

Q′＝R × S4/(S4 ‒ S1),　　(5.1)

where R is the sum of the flow rates (m3/s) of the 
four major rivers, S1 is the salinity (PSU) of the 
upper layer inshore, and S4 is the salinity (PSU) of 
the lower layer offshore (Fig. 27).

5.2. Results

5.2.1. Dioxin flux in the terrestrial environment
　The estimated total quantity of 1, 3, 6, 8- and 1, 
3, 7, 9-TeCDD from CNP sources from 1966 to 1994 
was 18.7 t, and that of OCDD from PCP sources 
from 1963 to 1985 was 12 t (Table 7a, steps 1 and 2; 
Fig. 28). Thus, the total amount of the major 
pesticide dioxins from CNP and PCP sources 
introduced into Miyagi Prefecture over the period 
when these pesticides were used was 30.7 t (Table 
7a, step 3; Fig. 28). If the annual loss is 2% 
(Masunaga et al. 2001b; Table 7a), then the residual 
quantity in the terrestrial environment in 2002 was 
17.4 t. Therefore, the quantity lost from the 
terrestrial environment was calculated as 13.3 t (30.7 
t ‒ 17.4 t). The discharge from major rivers into 
Sendai Bay from 1963 to 2002 was estimated to be 
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Table 7b. (continued)
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Table 7c. (continued)

Fig. 27. Schematic of the box model used to estimate transport 
offshore from Sendai Bay. S1 is the average of salinities from 
the surface and 5 m and 10 m depths at the nine sampling sites 
within the bay (Fig. 26, symbol ●). S4 is the average salinity 
below 20 depth at an offshore sampling site (Fig. 26, symbol ○).
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Table 8. Values for the parameters R (river inflow) and S1 and S4 (salinities) 
used in the box model, and the calculated flow offshore (Q’).

Fig. 28. Trends in the quantities of the major pesticide dioxins in Miyagi 
Prefecture. □, annual quantities of 1, 3, 6, 8- and 1, 3, 7, 9-TeCDD introduced 
into the prefecture, calculated by multiplying the amounts of CNP products 
shipped annually (Japan Plant Protection Association 1963-1995) by the 
cumulative 1, 3, 6, 8- and 1, 3, 7, 9-TeCDD concentrations in CNP products each 
year (Masunaga et al., 2001a). ◆, annual quantities of OCDD introduced, similarly 
calculated from the annual shipments of PCP products (Japan Plant Protection 
Association 1963-1995) and the OCDD concentration in those products each year 
(Masunaga et al., 2001a). The solid line represents the cumulative quantity, and 
the dashed line is the cumulative quantity allowing for a 2% annual loss.
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Fig. 29. Dioxin emissions from major rivers into Sendai Bay. The annual 
fluxes of the major pesticide dioxins were calculated from the average flux 
for 1999-2002 (7.7 kg/year; Table 7a, step 7) corrected in accordance with the 
historical trends of their concentrations in sediments (Table 7a, steps 8-21). 
The total flux over four decades was calculated by summing the annual 
fluxes.
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Sendai Bay (Fig. 30). However, this transport is 
much higher than the values ranging from 0.0021% 
to 0.0031% which were published from the Ministry 
of the Environment Japan (Sampling sites have not 
been made public; the Ministry of the Environment 
of Japan 2002), so the dioxin emissions to Sendai Bay 
estimated in this study should not be considered 
low.
　Concerning the estimated loss of dioxins (13.3 t), 
volatilization, which occurs during the spraying of 
the agricultural chemicals, is unlikely to be a major 
factor. The amount lost through emissions to Sendai 
Bay (241 kg) is slight in comparison with the total 
loss of 13.3 t. Therefore, the major loss of dioxins is 
thought to be through degradation, although the 
half-lives of dioxins were known to vary depending 
on the environment, from a few hundred days to 
hundreds of years (Claudia and Matsumura 1978, 
Kjeller and Rappe 1995, Masunaga et al. 2001b).

5.3.2. Dioxin flux in the marine environment
　The annual average flow of dioxins from the major 
rivers to Sendai Bay from 1999 to 2002 was 
calculated as 7.7 kg/y (Table 7a, step 7; Fig. 30). 
The total bioaccumulation in commercially valuable 

fish, shellfish, and seaweed over the same period 
averaged 3.2 g/y. If the input from major rivers to 
the bay is set at 100%, then the bioaccumulation in 
these organisms accounts for only 0.04 % of the total 
(Fig. 30). This bioaccumulation was calculated only 
using fishery data (Tohoku Regional Agricultural 
Office 1987, 1988, …2006) and non-fishery-targeted 
marine organisms were not considered. So the 
calculated bioaccumulation is thought to be an 
underestimate in comparison with the actual 
bioaccumulation. However, this indicates that very 
limited amount of pesticide origin dioxins move back 
from Sendai Bay to terrestrial areas as seafood for 
h uman .  E v e n  t h e  c a l c u l a t i o n  o f  d i o x i n 
b i o a c cumu l a t i o n  i n  ma r i n e  o rg an i sms  i s 
underestimated, it appears to be much lower than 
the inputs from major rivers to the bay (7.7 kg/y), 
discharge from the bay to offshore waters (6.17 kg/
y), and settling to the bay bottom (3.0 kg/y). In 
addition, 1, 3, 6, 8- and 1, 3, 7, 9-TeCDD and OCDD 
were thought to bioaccumulate at lower rates than 
the other 2, 3, 7, 8-substituted PCDDs and PCBs 
(Sijm et al. 1993, Yamada 1997). This may be one of 
causes of very low bioaccumulation of pesticide 
origin dioxins in fishery products. 



Fig. 30. Schematic diagram showing the total quantities and fluxes of the 
major pesticide dioxins in the terrestrial environment around Sendai Bay in 
2002, and the estimated annual values for Sendai Bay.

Fig. 31. The monthly discharge of major pesticide dioxins from Sendai Bay to 
waters offshore (outside of the bay) from 1999 to 2002 as calculated by a box 
model.
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settling to the bay bottom may be overestimates. 
The estimated discharge of dioxins from the bay to 
offshore waters (6.17 kg/y) and settling to the bay 
bottom (3.0 kg/y) accounted for 64.9% and 31.6% of 
total flux in the marine environment (9.17 kg/y), 
respectively (Fig. 30); their sum accounted for 96.5% 
of the total flux. It appears that most of the dioxins 
carried by major rivers to the bay were discharged 
to offshore or settled to the bay bottom. It has been 
reported that 87.7% of PCBs were emitted to 
offshore waters from the Seto Inland Sea (Tanabe 

　The es t imated  to ta l  f l ux  in  the  mar ine 
environment (6.17 kg/y + 3.0 kg/y + 3.2 g/y＝9.17 
kg/y) was larger than estimated inflows from the 
major rivers to the bay (7.7 kg/y). The seawater and 
sediment samples used to estimate these flux were 
collected mainly near the coast. Therefore, it is 
possible that the values of dioxin concentrations in 
seawater and sediments used in the flux calculations 
were higher than the average values of the whole 
study area (Fig. 26), and the values of dioxin 
discharge from the bay to offshore waters and 
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invertebrates are different from those in fishes, as 
the bioaccumulation in invertebrates may be 
inf luenced more by the number of chlorine 
substituents in PCDD/F homologues than by 
differences in structure (such as 2,3,7,8-substituted 
PCDD/Fs vs. non 2,3,7,8-substituted PCDD/Fs).
Co-PCBs are known to show higher bioaccumulation 
than PCDD/Fs (Niimi 1996), and organisms at higher 
trophic levels in Sendai Bay had higher Co-PCB 
concentrations (Chapter 2.1). Co-PCB concentrations 
in environmental samples were lower than 
concentrations of PCDD/Fs from CNP and PCP 
sources; however, monitoring of Co-PCBs in Sendai 
Bay is probably more important than monitoring of 
PCDD/Fs because of their high toxicity (TEQs) and 
high bioaccumulation nature.
　The bioaccumulation of chemicals is known to 
vary with the body size of aquatic organisms 
(Schimmel et al. 1977, Yamada et al. 1995). In 
Japanese flounder, the total PCDD/F concentrations 
were not correlated with body length, whereas the 
total non-ortho PCB and total mono-ortho PCB 
concentrations were significantly correlated with 
total body length (Chapter 2.2). The bioaccumulation 
properties of PCDD/Fs in Japanese flounder differed 
from those of Co-PCBs. Although the concentrations 
of non-ortho PCBs were lower than those of mono-
ortho PCBs, the toxic equivalent (TEQ) value for 
non-ortho PCBs was higher than that for mono-ortho 
PCBs. The TEQ value for non-ortho PCBs increased 
more with increasing body length than did the 
values for PCDDs, PCDFs, and mono-ortho PCBs. 
These results show that from the standpoint of risk 
management, non-ortho Co-PCBs are the most 
important dioxins in Japanese flounder. 

6.3.  Historical trend of dioxins in sediment cores from 
Sendai Bay

　Historical trends in dioxin levels have been 
investigated using sediment cores from throughout 
the world (Czuczwa and Hites 1984, Sakai et al. 
1999, Masunaga et al. 2001b, Kubota et al. 2002, Yao 
et al. 2002). In Sendai Bay, 1, 3, 6, 8-TeCDD + 1, 3, 
7, 9-TeCDD, OCDD, and Co-PCB concentrations in 
sediment increased from the mid-1930s and then 
reached a maximum in the mid-1980s (Chapter 3). 
Data from these cores support the conclusion that 

and Tatsukawa 1981) and that 99.7% of PCBs in 
Tokyo Bay were likewise discharged into waters 
farther offshore (Yanagi and Hashimoto 2000). In 
contrast, 99% of the inflow of dioxins to Tokyo Bay 
was reported to settle on the bay bottom, whereas 
only 1% left the bay for offshore (Masunaga et al. 
2006). Although the discharge of chemicals from 
inshore to waters farther offshore varies with the 
kind of chemical, the location, topography and the 
method of calculation, the value calculated for dioxin 
emissions from Sendai Bay to offshore waters falls in 
the middle of the range of other reported values.

Chapter 6. General discussion and summary

6.1. Properties of dioxins in Sendai Bay
　The types of dioxin congeners are known to vary 
with the sources of emission (Czuczwa and Hites 
1984, Kannan et al. 1987, Rappe et al. 1989, Sakai et 
al. 1993, Schrann et al. 1995, Takasuga et al. 1995, 
Lohmann and Jones 1998, Verta et al. 1999, 2003, 
2007, Isosaari et al. 2000, 2002, Masunaga et al. 
2001a, Yao et al. 2002, Seike et al. 2003, Hashimoto 
2004, Kakimoto et al. 2006). In Sendai Bay, 1, 3, 6, 8- 
and 1, 3, 7, 9-TeCDD which are the impurities in 
CNP and OCDD in PCP (Masunaga et al. 2001a, 
Seike et al. 2003), were the predominant congeners 
in seawater and sediment (Chapter 2.1). The 
chlorinated herbicides used in paddy fields were 
inferred to be the major dioxin sources.

6.2.  Properties of bioaccumulation of dioxins to 
marine organisms

　The bioaccumulation of dioxins in aquatic 
organisms is known to vary with the kinds of dioxin 
congeners (Sijm et al. 1993, Yamada 1997a). 1,3,6,8- 
and 1,3,7,9 -TeCDD, and OCDD, which are 
predominant congeners in Sendai Bay and belong to 
P CDD ,  w e r e  o f  t h e  t y p e  s h ow i n g  l o w 
bioaccumulation in fishes. PCDD/F concentrations in 
the higher-trophic-level fishes tended to be lower 
than those in the lower-trophic-level fishes (Chapter 
2.1).
In contrast, PCDD/F concentrations in the higher-
trophic-level invertebrates tended to be higher than 
those in the lower-trophic-level invertebrates. The 
b i oaccumu la t i on  p roper t i e s  o f  d i ox in s  i n 
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acted as transport bottlenecks, their inflow from the 
terrestrial environment to Sendai Bay was limited. 
The bulk of dioxins from CNP and PCP sources 
remained in the terrestrial environment.
　Almost all dioxins entering Sendai Bay either 
flowed out of the bay or settled to the bay bottom. 
The amount that bioaccumulated in marine 
organisms was much less than the amount inflowing 
from the terrestrial environment to the bay. The 
major dioxin congeners from impurities in CNP and 
PCP have much lower toxicities and bioaccumulation 
rates in marine organisms than low-chlorine 2, 3, 7, 
8-substituted PCDD/Fs such as 2, 3, 7, 8-TeCDD, 
which has an extremely high TEF. Therefore, 
although the influx of dioxins of CNP and PCP origin 
to Sendai Bay will continue in the future, their 
bioaccumulation in marine organisms in Sendai Bay 
will not be a serious problem for fisheries resources.
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over long periods of time, the major sources of 
dioxins in Sendai Bay were CNP and PCP. The 
times of peak shipments of CNP (1975) and PCP 
(1970) in Miyagi Prefecture (Japan Plant Protection 
Association 1963‒1995), and of Co-PCBs in Japan 
(1970; Tatsukawa 1972) did not coincide with the 
peaks in concentration of 1, 3, 6, 8- and 1, 3, 7, 
9-TeCDD, OCDD, or Co-PCBs in the sediment cores, 
which lagged by more than 10 years. The lack of 
correspondence between maximum concentrations in 
the sediments and the time of maximum use of CNP, 
PCP, and PCB products may be due to a lower 
outf low of dioxins from land to the bay in 
comparison with the total amount of these products 
used in Miyagi Prefecture.

6.4.  Discharge of dioxins from terrestrial to marine 
environments

　Dioxin congeners from CNP and PCP sources 
were detected in paddy soil and river water 
(Kobayashi et al. 2004a, Kadota et al. 2007, Kiguchi 
et al. 2007). It was clear from statistical analyses by 
PCA and CMB that CNP and PCP were major 
sources of dioxins in rivers in Miyagi Prefecture 
(Chapter 4). Dioxin congeners are transported from 
paddy fields adsorbed on suspended solids into rivers 
(Kobayashi et al. 2004b, Kadota et al. 2007). 
Concentrations of 1, 3, 6, 8- and 1, 3, 7, 9-TeCDD 
and suspended solids in river water increased with 
increasing flow rates. During periods of high flow, 
dioxin concentrations may have increased because of 
resuspension of bottom sediments that had adsorbed 
dioxins. Dioxin fluxes from rivers to the bay also 
increased with increasing river flow.

6.5.  Mass balance of major dioxin congeners from 
impur i t ies in pest ic ides used in Miyagi 
Prefecture

　Several reports address the mass balance of 
dioxins in marine environments (Tanabe and 
Tatsukawa 1981, Yanagi and Hashimoto 2000, 
Masunaga et al. 2006). In the present study, the 
mass balance was analyzed for Sendai Bay, which is 
an important area for fisheries and aquaculture 
(Chapter 5). Large quantities of dioxins from CNP 
and PCP sources were introduced into the terrestrial 
environment. As the rivers and drainage ditches 
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