
Abstract Concentrations of polycyclic aromatic

hydrocarbons (PAHs) were measured in a dated sedi-

ment core from a reservoir at Osaka City, Southwest

Japan. The sediment core consisted of deposits col-

lected over a period of almost 70 years whose PAH

content would serve as a historical record of atmo-

spheric environment at Osaka City. Total PAH con-

centrations varied from 4.2 to 26 mg kg–1 dry wt, and

peaked in the 1940s, reflecting the occurrence of a

large fire due to air attacks during World War II. The

results indicated that warfare had the largest impact on

atmospheric environment in Osaka City. Total PAH

concentrations decreased in the post-war period except

for a small peak. In the 1950s, there was a downward

trend from the 1970s to the present. These trends can

be ascribed to the growth of industrial activities and

the regulation of atmospheric pollutant emissions,

respectively.

Keywords Polycyclic aromatic hydrocarbons �
Reservoir sediment � Osaka City � World War II �
Climatology

Introduction

Osaka City is one of the largest commercial and

industrial cities in Japan. The population of Osaka City

is almost 2.6 million. The number of factories was over

20,000 in 2004. Air pollution here has been a problem

since the 1880s. Osaka offers therefore an important

opportunity to explore the historical trend of the urban

atmospheric environment in Japan.

Measurement of molecular markers in sediment

core samples from a reservoir has already proven a

very useful technique for studying historical trends in

the atmospheric environment (Kumata et al. 2000). In

the current study, concentrations of polycyclic aro-

matic hydrocarbons (PAHs) were measured in a sedi-

ment core sample from Nagaike Pond, a reservoir

located in the south of Osaka City (Fig. 1).

Polycyclic aromatic hydrocarbons are ubiquitous

contaminants of great environmental concern. They

are produced by incomplete combustion of organic

matter and contained in petroleum products such as

crude oil, gasoline and asphalt. It is important to

identify the sources and the behaviour of PAHs in the

environment because they are toxic and carcinogenic

(Boström et al. 2000). Their persistence in the envi-

ronment allows PAHs to be a valuable recorder of

anthropogenic pollution (Mastral and Callen 2000).

Nagaike Pond has no surface inflow or outflow and the

sediment consists mostly of stormwater runoff and

airborne deposits. The core is a deposit of sediments

from 1930s to 2000s. Dating was performed using the
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method of 137Cs and 210Pb profiles (Katahira et al.

2006). The vertical profile of PAHs in the sediment

core reflects the historical trends of the atmospheric

environment in Osaka City over the past 70 years.

The objectives of this study were to determine his-

torical changes in the metropolitan atmospheric envi-

ronment over the past 70 years and to explore how

temporal changes in human activities and historical

events affect the environment. In a previous study the

historical trends of PAHs from 1620s to 1970s in an-

other reservoir sediment core from Osaka City were

explained. The event having the greatest impact on the

atmospheric environment during almost 350 years was

World War II (Moriwaki et al. 2005). It was particular

interest in the present study to determine the historical

trends of PAHs in Osaka City from 1970s to 2000s, and

to find out whether trends similar to those of the pre-

vious study could be demonstrated.

Materials and methods

Sediment sample

Located in a highly urbanised area of Osaka City,

Nagaike Pond (Fig. 1) was built at the beginning of the

1930s its present shape is rectangular (120 · 50 m).

A sediment core was collected using an acrylic tube

(110 cm length · 10 cm i.d.) in September 2001. The

columner section of the sediment core is shown in

Fig. 2. At a length of about 105 cm, the core consisted

mainly of silt with an abundance of charcoal and plant

material fragments. The banded structures from 35 to

105 cm were differently coloured clays. The core was

cut into 3.0 cm sections using a silicon slicer. In the

upper 36 cm, the width of the slice varied depending

on lithofacies. Each section was dried at room tem-

perature and stored in a cool and dark place until it was

used for analysis.

The dating of the sediment core from Nagaike Pond

was estimated by using the depth profile of 137Cs and
210Pb activity in another sediment core from Nagaike

Pond, which was sampled at the same time to estimate

the sedimentation rate (Katahira et al. 2006). Profiles

of 137Cs activity in sediment cores in Japan usually

have only one peak, which was caused by atmospheric

nuclear weapons testing when it was at its height in

1963 (e.g. Peirson 1971 and Hirose et al. 1987).

The bottom of each core dated back to the period

when Nagaike Pond was altered into its present shape

during the mid-1930s.

The concentrations of heavy metals (Cu, Zn and Pb)

were measured in both the present core under con-

sideration and the core from the earlier study. Com-

parisons of the vertical profiles of Cu, Zn, and Pb

concentrations of the two samples were used. In addi-

tion, Murakami and Inoue (2004) previously reported

that charcoal fragments concentrated at a depth of 75–

80 cm in a sediment core from the same reservoir were

due to air attacks, and a section of their sample was

found to correspond to the mid-1940s.
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Chemical analysis

Polycyclic aromatic hydrocarbons analysis was per-

formed according to a modification of the procedure

reported by Moriwaki et al. (2004). Extraction of

PAHs from the sediment was performed according to a

modification of the procedure reported by Tsuji et al.

(1985) as summarized briefly below.

After 0.20 g sediment samples were extracted by

ultrasonic agitation, a 30 min extraction was carried

out in a centrifuge tube with ethanol (4.0 ml) and tol-

uene (16 ml). The tube was then centrifuged at

3,000 rpm for 10 min. This step was repeated twice,

after which the supernatants were combined and con-

centrated to 1.0 ml using a rotary evaporator, and then

dried under a stream of N2. The obtained residue was

then dissolved in n-hexane (2.0 ml) and the hexane

solution was loaded onto a Sep-Pak Plus silica car-

tridge (Waters). The cartridge was eluted into a glass

tube with 10 ml of a hexane-toluene mixture (90:10, v/

v) and the eluent was dried by a nitrogen purge and

dissolved in 0.50 ml of acetonitrile. A 10 ll volume of

the internal methanol solution (benzo(a)pyrene-d12

10 mg/l) was added, after which a 10 ll aliquot was

injected into a liquid chromatography–mass spec-

trometry system. The following 12 PAHs were de-

tected and determined in this study: phenanthrene

(Phe), anthracene (An), fluoranthene (Flu), pyrene

(Py), benzo(a)anthracene (BaA), chrycene (Chr),

benzo(b)fluoranthene (BbF), benzo(k)fluoranthene

(BkF), benzo(a)pyrene (BaP), benzo(e)pyrene (BeP),

benzo(ghi)perylene (BghiP), and indeno(1,2,3-cd)py-

rene (IP). For the recovery evaluation of PAHs by this

method, the procedure was carried out after the sedi-

ment core sample (0.20 g at the depth of 72–75 cm)

was spiked with 100 ng of the PAHs. Pairs of BaA and

Chr or BaP and BeP were treated as a single species in

calculations. The mean recovery (n = 3) was calculated

from the difference between concentrations obtained

from the spiked and the non-spiked sediment. The

limits of detection for PAHs by this method, defined as

three times the standard deviation of the concentration

obtained from recovery tests, varied from 0.06 mg kg–1

for An to 0.9 mg kg–1 for BkF.

Results and discussion

PAH concentrations

The concentrations of PAHs in the sediment core from

Nagaike Pond are shown in Table 1, and the vertical

profile of total PAH concentration is shown in Fig. 3.

Total PAH concentrations in the sediment core

varied from 4.2 to 26 mg kg–1 dry wt, and the average

of total PAH concentrations was 13 mg kg–1 dry wt.

The levels of total PAH concentrations in the sediment

core were about as high as those reported of a sedi-

ment core from a reservoir situated in the centre of

Tokyo (7.5–30 mg kg–1 dry wt; Kumata et al. 2000).

(Tokyo is the largest city in Japan and 500 km from

Osaka. PAHs analysis of the reservoir at Tokyo used a

different method this study.)

The vertical profiles of individual PAHs showed

trends similar to those of total PAHs. In most samples,

the highest concentrations were Fl, BkF or Py.

The dating of the sediment core was segmented into

four sections by type of fossil fuel primarily in use and

other significant occurrences in the history of the city

(Fig. 3). At a depth of 81–105 cm, the first section is

from 1930s to 1940s. Coal was used as the primary fuel

during this period. Total PAH concentrations in this

period were in the range of 9.7 to 14 mg kg–1. Okuda

et al. (2000) reported that PAHs during the 1930s in

Japan were due to combustion of organic materials.

Osaka City had been troubled by problems of atmo-

spheric pollution since the 1880s due to the use of soft

coal in factories, which in 1932 led to the establishment

of statutory controls on particulates. The main source

of PAHs at this time must thus have been the com-

bustion of coal.

The second section, at a depth of 75–81 cm, dates

back to World War II. Total PAH concentrations were

highest in the sediment layer of 1945. Osaka City was a

target of air attacks in 1945 during World War II.

Therefore, the peak of total PAH concentrations dur-

ing the mid-1940s were due to a large fire caused by the

air attacks. In 1940s the area around of Nagaike Pond

was residential, and most houses in Japan were of

wooden construction. Furthermore, the historical re-

cord (Osaka City 1994) states that houses around Na-

gaike Pond were struck by bombs during air attacks.

Combustion of wood is therefore thought that the main

source of PAHs during World War II. This view is

supported by the observation of Murakami and Inoue

(2004) of a large amount of charcoal fragments in a

sediment core from Nagaike Pond. Moreover, as de-

scribed later, a similar spike increase in PAHs was

observed in a sediment core sampled at another site in

Osaka City (Moriwaki et al. 2005). Thus the period

considered to have the greatest influence on PAH

production around Nagaike Pond in the past 70 years

is thus the World War II because there was no other

significant event capable of causing the high level of

PAH contribution except World War II bombings and

subsequent fires. The third section is from 1946s to
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1950s, at a depth of 41–75 cm. After the war, total

PAH concentrations steadily decreased from 1946 to

1951, but increased again in the 1950s. Industrial

activity in the 1950s was very energetic as a result of

rapid economic growth, and the consumption of coal

was levelling off as that of oil increased in Japan. Both

oil and coal are considered to be the sources of PAHs

during this period.

At a depth of 0–41 cm, the last section corresponds

to the period from 1960s to 2000s. Total PAH con-

centrations decrease in this period. The sample at a

depth of 5–15 cm exhibited the lowest concentration

(4.2 mg kg–1) in this sediment core. The reduction in

PAH concentrations was partly due to improvements

in emission controls and may be linked to the decrease

in oil consumption caused by the oil crisis in the 1970s

(The Institute of Energy Economics, Japan 1997).

Furthermore, the enactment of the Air Pollution

Control Law in 1968 also influenced the decrease of

PAHs. Total PAH concentrations have remained sta-

ble from the 1980s to the present. This may be due to

the balance maintained between a gentle increase in

the fossil fuel consumption and controls placed on

PAHs production through legal measures and techno-

logical advances. Kawaraya (1998) reported that

atmospheric PAH concentrations in Osaka City have

Table 1 Concentrations (mg kg–1 dry wt) of PAHs in the sediment core from Nagaike Pond

Depth
(cm)

Year Phe An Flu Py BaA + Chr BbF BkF BaP
+ BeP

BghiP Ip Total
PAHs

0–5 2000 0.51 0.034 0.70 0.71 0.61 0.40 0.55 0.41 0.25 0.24 4.4
5–15 1995 0.36 0.032 0.70 0.70 0.67 0.35 0.51 0.40 0.23 0.23 4.2
15–21 1995 0.70 0.092 1.5 1.5 1.5 0.78 1.0 0.79 0.43 0.38 8.6
21–25 1983 0.65 0.054 1.1 1.1 1.0 0.61 0.80 0.61 0.34 0.31 6.6
25–26 1981 0.61 0.076 0.99 1.0 1.3 0.72 0.98 0.76 0.47 0.44 7.4
26–31 1978 0.83 0.078 1.8 1.7 1.8 1.2 1.7 1.2 0.70 0.60 12
31–34 1973 0.74 0.069 1.6 1.7 1.8 1.1 1.5 1.2 0.74 0.70 11
34–36 1963 1.0 0.11 2.1 2.1 2.0 1.1 1.6 1.1 0.70 0.64 12
36–39 1961 1.3 0.10 2.9 2.8 2.2 1.4 1.7 1.3 0.74 0.67 15
39–42 1960 1.1 0.16 2.2 2.3 2.0 1.4 1.7 1.2 0.84 0.76 14
42–45 1958 1.6 0.26 3.2 3.6 3.3 2.0 2.9 2.1 1.3 1.4 22
45–48 1957 1.0 0.10 1.9 1.9 2.4 1.4 1.9 1.3 1.0 0.89 14
48–51 1955 1.4 0.16 2.8 2.6 3.3 1.9 2.7 2.0 1.4 1.2 19
51–54 1953 1.3 0.17 2.6 2.6 3.5 2.3 3.3 2.3 1.7 1.4 21
54–57 1951 0.94 0.10 1.7 1.8 2.2 1.3 2.1 1.4 1.1 1.0 14
57–60 1951 1.0 0.13 1.8 1.8 2.5 1.4 2.0 1.4 1.1 0.99 14
60–63 1950 0.79 0.11 1.8 1.9 2.6 1.4 2.2 1.6 1.1 0.98 14
63–66 1949 0.95 0.13 1.8 1.7 2.3 1.1 1.9 1.4 1.1 0.95 13
66–69 1948 0.91 0.12 1.6 1.8 2.2 1.3 1.9 1.4 1.0 0.92 13
69–72 1947 1.1 0.14 2.4 2.4 3.4 1.8 2.8 2.1 1.5 1.2 19
72–75 1946 0.94 0.17 1.9 2.0 3.2 1.9 2.9 2.2 1.7 1.3 18
75–78 1945 1.1 0.26 2.7 3.1 4.6 2.5 4.4 3.1 1.5 2.2 26
78–81 1945 1.3 0.29 3.2 3.4 4.8 2.8 4.3 2.9 1.7 1.8 26
81–84 1943 0.75 0.13 1.7 1.8 1.4 1.0 2.0 1.2 1.4 0.89 12
84–87 1941 0.74 0.10 1.4 1.5 1.6 0.72 1.4 0.86 1.4 0.64 10
87–90 1940 0.81 0.13 1.7 1.8 2.0 0.89 1.6 1.0 1.5 0.72 12
90–93 1939 0.70 0.11 1.3 1.6 1.8 0.92 1.6 0.95 1.5 0.68 11
93–96 1938 0.73 0.11 1.7 1.8 2.1 1.1 1.7 1.2 1.7 0.80 13
96–99 1937 0.80 0.15 1.9 2.0 2.3 1.1 1.9 1.3 1.7 0.79 14
99–102 1936 0.70 0.12 1.6 1.6 1.9 0.92 1.6 1.0 1.6 0.74 12
102–105 1935 0.55 0.080 1.3 1.2 1.6 0.74 1.2 0.88 1.6 0.60 9.7
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decreased since the 1970s. Moreover, PAH concen-

trations in the sediment core from a reservoir in Tokyo

indicated a similar pattern to Nagaike Pond. PAH

concentrations exhibited a peak in the 1950s and de-

creased during the decades that followed (Kumata

et al. 2000).

PAH compositions

Changes in PAH patterns may reflect changes in the

sources of PAHs, such as coal, wood, gas, and

petroleum combustion, and the effect of combustion

conditions. Many studies have examined PAHs

sources from changes in PAH composition (e.g.

Blokzijl and Guicherit 1972; Gschwend and Hites

1981). The use of ratios of PAH components of the

same molecular mass has been established as a

method of inferring PAHs sources (Yunker et al.

1996). PAHs of molecular mass 178 are commonly

used to distinguish between coal or wood and

petroleum sources (e.g. Gschwend and Hites 1981,

Sicre et al. 1987 and Yunker et al. 2002). The ratio of

anthracene to anthracene plus phenanthrene (An/

An + Phe) (Fig. 4) is one of the important contribu-

tors. An An/An + Phe ratio greater than 0.10 sug-

gests combustion source of coal or wood, whereas

one less than 0.10 implies a petroleum source. Nev-

ertheless, the ratio the limit between two processes

are not precise (Yunker et al. 1996 and Baumard

et al. 1998). An/An + Phe ratios in the sediment core

are shown in Fig. 4. An/An + Phe ratios were in the

range from 0.12 to 0.15 in the first section, i.e. prior

to the war, which indicates that the PAH source

during this period was mainly wood and coal com-

bustion. At 0.18–0.19, the ratio during World War II

was highest. PAH sources were estimated to be due

to wood combustion as a result of buildings burned

down in air attacks because most buildings of this age

were wooden. This conclusion is supported by pre-

vious observation of the amount of charcoal frag-

ments in another core taken at Nagaike Pond

(Murakami and Inoue 2004). After World War II,

An/An + Phe the ratio gradually decreased until it

exhibited the lowest value at the top of the core. This

would be due to the fuel conversion from coal to oil,

and it is thought that the source of PAHs from the

1960s to 2000s was mainly oil combustion.

Comparison of sediment cores from Nagaike Pond

and Osaka Castle outer moat

Osaka Castle is at the city’s centre, 6.0 km north of

Nagaike Pond. Moriwaki et al. (2005) analyzed PAHs

in a sediment core from the outer moat of Osaka

Castle. The vertical profiles of total PAH concentra-

tions in the sediment cores from Nagaike Pond and the

outer moat of Osaka Castle are shown in Fig. 5. Total

PAH concentrations in the sediment core from Osaka

Castle began to increase at a depth of about 100 cm

and showed a peak at a depth of about 50 cm corre-

sponding to the mid-1940s. This spiked peak of total

PAH concentrations could be due to a combustion

occurring as a result of the air attacks during World

War II. Both samples showed the peak in the 1940s.

The massive fire due to World War II air attacks oc-

curred on a wide scale in Osaka City (Fig. 6), and the

areas around both sampling sites suffered severe

damage because of air attacks. Osaka City was exposed

to air attacks from 1941 to 1945; in particular, the air

attacks of 1945 were the largest (Osaka City 1994).

Total PAH concentrations in World War II seg-

ments in the sediment core from Nagaike Pond were

about 2.5-fold greater than the average excluding

World War II values, while those in the sediment core

from Osaka Castle during World War II were about 4-

fold greater than the average of this core. This differ-

ence might be due to conditions at the sampling sites.

Nagaike Pond was surrounded by urban and residential

areas during the 1940s. On the other hand, there was a

weapon factory nearby Osaka Castle that was com-

pletely destroyed by fire in the air attacks of 1945

(Osaka City 1994). The Osaka Castle sediment core

may reflect a greater combustion source near this

sampling point.
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Conclusions

The greatest changes of the atmospheric environment

in Osaka City during the past 70 years were caused by

World War II. Furthermore, regulatory controls of

industrial emissions have a positive correlation to PAH

concentrations contained in dust in the metropolitan

atmosphere. The source of PAHs during World War II

in the city is postulated to be the combustion of woo-

den structures. Comparison of the vertical profile of

PAH concentrations in the sediment core with that

from another reservoir in the city indicates that both

sediment cores have recorded combustion caused by

the war. From the 1960s to 2000s the main source of

PAHs in the air has been petroleum combustion.

Loading of PAHs to the atmosphere decreased during

this period, and the total concentration of PAHs is

presently at its lowest level in the last 70 years.
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