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Abstract. The radiocarbon technique, commonly used in
measurements of cosmogenic isotope abundances in order
to solve problems of cosmic ray significance, may also be
very useful for monitoring the global environment. We show
how the abundance of fossil carbon in the atmosphere can be
determined and present an example of environmental moni-
toring using fallen leaves which has been carried out in Japan
during the past 4 years.

On comparing the radiocarbon content in various regions,
high 14C concentrations have been found for fallen leaves
from mountain and country sites, while low concentrations
have been observed for leaves from city regions, especially
near roads with heavy traffic. The results indicate that the
atmosphere of the mountain and country sites in Japan is still
clean compared to the other sites but the CO2 coming from
fossil non-radioactive carbon significantly pollutes the atmo-
sphere of the city sites. The decrease ofδ14C near heavy
traffic sites in large cities is consistent with the increase of
CO2 concentration in the atmosphere assuming that almost
all CO2 in this region originates from fossil fuel. We have
found that the CO2 content of the atmosphere originating
from the petrol combustion (mainly by cars) in central Tokyo
is more than 8 % of that of natural origin.

1 Introduction

Natural radiocarbon (14C) on the earth is produced by
high-energy cosmic rays mainly in the upper atmosphere. Its
content in the atmosphere should be in equilibrium involv-
ing production by cosmic rays and the exchange of carbon
with other reservoirs such as the ocean and the biosphere.
However, this equilibrium has been interfered with the an-
thropogenic production of excess radiocarbon and also dilu-
tion by non-radioactive (dead) carbon. The former was pro-
duced by atomic bomb tests in the atmosphere in the 1950s

Correspondence to:K. Masuda (kmasuda@stelab.nagoya-
u.ac.jp)

and early 1960s and also by nuclear power facilities. Uti-
lization of label isotopes at medical and research institutions
may also contribute. The latter originates from the increase
of carbon dioxide containing dead carbon as a result of fos-
sil fuel combustion. It is very important to investigate both
effects from the environmental point of view.

Since the late 19th century, after the industrial revolution,
the concentration of carbon dioxide containing dead carbon
has been significantly increased and the content of radiocar-
bon has been diluted (Suess effect). In the 1950s and early
1960s, many atomic bomb tests were carried out until the
test ban treaty was adopted in 1963. Soon after that, the con-
tent of 14C in the atmosphere of the Northern Hemisphere
was peaked and decreased slowly (time constant∼ 16 years).
Even in the 1990s, the effect of the bomb tests still remains
and the excess of radiocarbon above the pre-bomb level is 10
% or more (Muraki et al., 1998; Krajcar-Bronic et al., 1998).
Environmental measurements of atmospheric14CO2 concen-
tration have been made at several stations in Europe, Canada,
Far East of Asia, and so on. Some researchers directly mea-
sure the14C content in atmospheric CO2 (Meijer et al., 1995;
Nydal and Lovseth, 1996; Levin and Kromer, 1997; Kuc and
Zimnoch, 1998) and the others measure mainly the content in
plants (McNeely, 1994; Muraki et al., 1998; Krajcar-Bronic
et al., 1998; Leung et al., 1995).

Variation of the local14C content is a good indication of
fossil fuel consumption in the limited region. Some kinds of
tree leaves are essentially yearly-growing material which in-
corporate carbon dioxide from the surrounding atmosphere.
Since anthropogenic carbon dioxide is emitted from indus-
trial facilities, traffic vehicles and human daily life and origi-
nates from fossil fuel, it does not include radiocarbon whose
radioactive half-life is 5730 years. Environmental materials
like tree leaves in large cities may have a smaller concentra-
tion of radiocarbon, compared with that of clean air as the
global background. Thus the content of14C would reflect
the concentration of the local environmental carbon dioxide.

We have measured the radiocarbon contents of fallen leaves
collected from several sites in Japan over the past four years
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as an environmental monitor. Radioactivity of14C β-decay
was measured using a liquid scintillation counting system.
In this paper, we briefly describe the apparatus used and re-
port on the results of the measurements. The possibility of
environment monitoring by measurement of radiocarbon is
discussed.

2 Methods

2.1 Leaf sample

Samples of leaves were collected from 17 sites in Japan, in-
cluding mountain areas, country sites and city areas, for the
past four years. The leaves from the mountain areas were
collected at Agematsu (35o45’N, 137o34’E, 1300m above
sea level) and Norikura (36o07’N, 137o08’E, 1450m asl).
The leaves from the country site were sampled at Asahikawa
(43o46’N, 142o25’E, 130m asl) in Hokkaido, Owase (34o04’
N, 136o12’E, 30m) in Mie, Heijokyo (34o41’ N, 135o49’E,
72m) in Nara and at Tokai (36o28’N, 140o33’E, 30m asl),
Ibaraki. Tokai is a town where many nuclear power facilities

Table 1. List of sampling sites

ID Location Kind of treeb Featurec

Tokyo region
T1 Toyotama A HT, big city
T2 Nozawa A HT, big city
T3 Zenpukuji A MT, suburbs
T4 Tanashi B MT, suburbs
T5 Shakujii C P, suburbs

Nagoya region
N1 City Hall A MT, big city
N2 Nagoya Port A MT, big city
N3 N.U.a(Eng.) D MT, suburbs
N4 N.U.a(STEL) D P, suburbs
N5 Ohdaka D P, suburbs
N6 Higashiyama D P, suburbs
S1 Kawagoe, Mie A TP, industrial

Country site
C1 Asahikawa E MT, local city
C2 Tokai,Ibaraki H NP, llcal town
C3 Heijokyo, Nara D P, local town
C4 Owase,Mie A local city

Mountain site
M1 Agematsu I NT
M2 Norikura J NT

a N.U.; Nagoya University
b A, Zelkova serrata; B, Magnolia kobus; C, Carpinus tscho-
noskii; D, Quercus variabilis; E, Magnolia quinquepeta; F,
Betula platyphylla; G, Aesculus turbinata; H, Castanea cre-
nata; I, Betula ermanii; J,Quercus crispula
c HT, heavy traffic; MT, moderate traffic; NT, no traffic; P,
park; TP, thermal power station; NP, nuclear power facilities

exist. The leaves from the city areas were gathered from
Tokyo (35oN, 139oE, 20-60m asl) and Nagoya (35oN, 137oE,
0-70m asl) regions. All samples are yearly-fallen leaves of
hardwoods such asZelkova serrataandQuercus variabilis.
Details are listed in Table 1.

The leaves were chemically treated and converted to ben-
zene, which is a solvent of liquid scintillator, by a method
described previously (Muraki et al., 2001).

2.2 14C counting

A liquid scintillation counting system was constructed
in our laboratory and was used for the14C measurement of
leaf samples. The design of the system is based on a previ-
ous system (Muraki et al., 1998) but the temperature control
and the radiation and electromagnetic shieldings have been
improved. The details of the system is described elsewhere
(Muraki et al., 2001). The spectra of the scintillation inten-
sity were recorded in a computer through a CAMAC ADC
system. We select an ADC channel region such that the devi-
ation of the count rate for standard benzene was minimized.

The sample vials made of Teflon (body) and pure copper
(cap) were supplied by Wallac Co. The light collecting effi-
ciency of individual vials was measured using the same14C
standard benzene. The standard deviation of the efficiency
for 5 vials used in this work was 0.28 %.

The background count rate (B) was 3.7 cpm and the count
rate for the modern standard (0.7459 of new NBS Standard
activity) was 101 cpm in the selected stable counting channel
region for 15 ml of benzene in a 20 ml Teflon vial. Then the
counting efficiency (E) of the system is 60 % and the Figure
of Merit (= E2/B) is 970.

In our measurements, the14C-enriched benzene was used
as a standard, which was prepared at the Geological Institute
of the Academy of Sciences, Russia and calibrated at St. Pe-
tersburg University (Arslanov et al., 1993) (hereafter called
the Russian Standard). Theδ14C values of samples were
calculated by using the ratio of the activity of the Russian
Standard and that of the modern standard, which is 5.0128±
0.0107 (Arslanov et al., 1993), as follows:

δ14C(permil) = 1000(As −Aabs)/Aabs, (1)

Aabs = exp((y − 1950)/τ)AR/5.0128, (2)

whereAs is the measured massic activity of the sample,Aabs

the massic activity of the international standard in the year
1950 AD,AR the measured activity of the Russian standard,
τ(= 5730/ln2 = 8267yr) the lifetime of 14C andy the
year when the sample was measured. The typical counting
scheme is as follows: First, the activity of the Russian Stan-
dard is measured for 22 hrs, then the background is mea-
sured for 22 hrs using industrially produced dead benzene of
spectral grade (Dojin Chemical Co., Japan). After that, two
measurements of 15 ml samples of benzene produced from
leaves are measured for 22hrs each. This scheme is repeated.
The typical statistical error of the measurement was about 0.3
%. For smaller quantities, such as 10 ml, which result from
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Fig. 1. Radiocarbon content in tree leaves in Japan.

small quantities of the original leaves, the counting time was
prolonged appropriately to assure almost the same statisti-
cal accuracy. The calculation of the radiocarbon activity was
carried out using the count rate of the sample together with
the average count rates of the two nearest measurements of
the Russian Standard and the dead benzene.

The counting system was tested with IAEA intercompari-
son samples. The measured values of radiocarbon activity for
the samples C-2 through C-6 agreed well with the consensus
values (Rozanski et al., 1992) within the errors. Details are
described elswhere (Muraki et al., 2001). The long term sta-
bility was checked by measurements of the time variation of
the count rates of the Russian Standard. The standard devi-
ation of 36 measurements for 15 ml benzene over 5 months
was about 0.27 %.

3 Results and discussion

The values ofδ14C (in permil) for a period of 1997 to
2000 are plotted in Fig.1. The radiocarbon contents are not
corrected for the isotope fractionation. Stuiver and Polach
(1977) recommended an average value ofδ13C for tree leaves
of -27 permil relative to that of the PDB standard with an
error of 2 permil. Then, we used the value ofδ14C for ∆14C,

assuming that theδ13C values of the leaves are -25 permil
for simplification.

Comparing theδ14C values in various areas, high14C con-
centrations (80-100 permil inδ14C) are found for leaves col-
lected at mountain areas in Nagano and those at country sites,
while low concentrations (0-40 permil) are observed for leaves
from the cities, especially near roads with heavy traffic. This
result indicates that the14C in the atmospheric carbon diox-
ide in city sites is significantly diluted by dead carbon from
fossil fuels.

The excess of14C for leaves from Agematsu and Norikura
mountain areas was around 90 permil in 1997-2000. The
∆14C value at Schauinsland in Central Europe was 104 per-
mil in 1996, which was almost the same as those in the clean
sites (Levin and Kromer, 1997). Comparing the present val-
ues of the Japanese mountain sites with those in the Central
Europe, it is supposed that the atmosphere of the mountain
sites in Japan is also clean locally. This value ofδ14C is still
higher than that of pre-bomb period and14C produced by nu-
clear bomb tests in the 1960s is still observed (Muraki et al.,
1998).

The δ14C values in big cities such as Tokyo and Nagoya
show much scatter, probably depending on the amount of lo-
cal traffic. At sites with very heavy traffic, theδ14C value
is quite low, indicating high concentration of fossil carbon
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dioxide. Assuming the additional CO2 comes only from fos-
sil fuel consumption, we can eastimate the fractiona of CO2

originated from fossil fuel to the total amount of CO2 and
the concentration of CO2 at the local site, from the following
equations:

a = (1−A/Aclean), (3)

C = Cclean(1 + a/(1− a)), (4)

whereA andAclean are the radiocarbon activity at the lo-
cal site and that of the present clean air, for which we use
the value of Agematsu in the mountain area. Using the value
370 ppm as the CO2 concentration of clean air (Keeling et al.,
1995; Levin et al., 1995; TMRIEP, 2000), the concentration
of CO2 in Tokyo area is calculated to be 390 to 400 ppm. In
the worst place (the location T1) the calculated CO2 concen-
tration is 402 ppm and 8 % of atmospheric CO2 is originated
from fossil fuel. If we know the exact CO2 concentration
on the site, the fraction of fossil fuel-originated CO2 in all
carbon dioxide can be derived. Some data show the CO2

concentration to be 394 ppm in the Tokyo area. This is con-
sistent with the above estimate. We conclude that almost all
excess carbon dioxide comes from the fossil fuel. In other
city sites, theδ14C value is not so low, indicating that the
increase in the concentration of carbon dioxide is moderate.

The δ14C value in Tokai is higher than that in other sim-
ilar sites and even that in the mountain regions. This area
is a concentration of nuclear power facilities, which possibly
emit a certain amount of14C, although the fractional increase
is very small.

In this way, measurements of radiocarbon contents can
give us the average CO2 concentration and possibly the emis-
sion of artificial 14C. In order to confirm the precise rela-
tion betweenδ14C value and the true CO2 concentration, it
is necessary to measure the CO2 concentration directly in
the sampling sites for several months. However, direct mea-
surements of carbon dioxide or other pollutant molecules are
difficult. The present method of measuringδ14C values in
leaves is a rather easy way to estimate the concentration of
carbon dioxide. The measurement ofδ13C is very helpful in
determining the origin of carbon dioxide. Our preliminary
measurements ofδ13C of several samples showed values of -
26 to -31 permil, which are smaller than the value assumed in
the present work. Measurements ofδ13C values of all sam-
ples are necessary for a more definitive discussion.

4 Conclusions

The measurements ofδ14C contents in fallen leaves clearly
indicate an excess of CO2 concentration in city regions, while
there exists locally clean air in country sites as well as the
mountain areas in Japan. The continuous measurement of
tree leaves will tell us how the content of atmospheric radio-
carbon changes and how our environment will change. This

method provides a good environmental monitor and the mea-
surements should be continued further.
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