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Abstract For a more systematic understanding of the
levels of environmental tritium and its behavior in East
Asia, a database on environmental tritium was established
based on the literature published in the past 30 years.
Subsequently, the levels and behavior of the environmental
tritium were further studied by statistical analyses. The
results indicate that the distribution of environmental tri-
tium is inhomogeneous and complex. In areas without
nuclear facilities, the level of environmental tritium has
decreased to its background level, even though a certain
number of atmospheric nuclear tests were performed
before 1980. In general, the level of atmospheric tritium
was marginally higher than the levels in precipitation and
surface water; the levels in shallow groundwater and sea-
water were considerably lower. Furthermore, the levels of
tritium in the atmosphere, precipitation, and inland surface
water were strongly correlated with latitude and distance
from the coastline. In soil and living organisms, the level of
tissue-free water tritium (TFWT) was comparable to the
tritium levels in local rainfall, whereas the persistence of
organically bound trittum (OBT) in the majority of
organisms resulted in an OBT/TFWT ratio greater than
one. Conversely, extremely high levels of environmental
tritium were observed near certain nuclear power plants
and the Fukushima accident sites. These results highlight
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the requirement to know the tritium baseline level and its
behavior in the environment beforehand to better assess the
impact of tritium discharge. Further investigations of
environmental tritium in East Asia using more efficient and
adequate monitoring methods are also required.
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1 Introduction

Tritium is a rare isotope of hydrogen with one proton
and two neutrons in its nucleus. It is the radioactive form of
hydrogen and is typically represented by the symbol T or
H. Despite the difference in mass between tritium and
hydrogen (H), they occur in the same physicochemical
form and are ubiquitous in the environment.

Naturally occurring tritium is produced primarily by the
nuclear reactions of cosmic neutrons with nitrogen-14 in
the upper atmosphere; the annual tritium production on the
Earth’s atmospheric surface has been estimated to be
7.2 x 10'® Bq [1]. However, tritium decays during gen-
eration and the equilibrium inventory of natural tritium is
estimated to be approximately 1.29 x 10'® Bq (approxi-
mately 3.6 kg) at present [2]. Several human activities
including atmospheric nuclear tests, nuclear reactor oper-
ation, spent fuel reprocessing, tritium manufacturing, and
controlled thermonuclear reaction tests have produced
large amounts of tritium in the past decades. In particular,
significant amounts of anthropogenic tritium (520-550 kg)
were injected into the stratosphere by atmospheric nuclear
weapon tests in the mid-last century [3]. Consequently, the
level of environmental tritium significantly increased in the
1950s and 1960s [4]. With the implementation of the
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Treaty Banning Nuclear Weapon Tests in the Atmosphere,
in Outer Space, and Under Water (simplified as Partial Test
Ban Treaty, PTBT) in 1963, Nuclear Nonproliferation
Treaty (NPT) in 1968, and Comprehensive Nuclear Test
Ban Treaty (CNTBT) in 1996, the influence of tritium
originating from nuclear weapon tests has steadily
decreased. At present, the main anthropogenic source of
tritium is considered to be the operation of nuclear power
plants [S]. Boyer et al. estimated that the global generation
rate of anthropogenic tritium from nuclear power plants in
the past 30 years was approximately 0.08 kg a~', which is
marginally less than its natural yield (approximately
0.15-0.2 kg a~ ') [6].

Tritium in the environment can be cycled through
physical/chemical exchange and biotransformation. After
natural production, the uniform mixing of bomb tritium and
natural tritium in the stratosphere allows them to be
injected into the tropopause through stratospheric—tropo-
spheric mass exchange (STEM). Subsequently, elemental
tritium is gradually converted into tritiated water (HTO)
vapor through oxidation and isotope exchange. Through
dry deposition and precipitation, atmospheric HTO vapor
from the tropopause is transported to the surface land,
mixed with HTO generated by anthropogenic pathways,
and eventually participates in the global water cycle.
Therefore, tritium has been recognized as an ideal tracer
for studying the global water cycling process [7-10].
Through the natural water cycle, atmospheric tritium can
be introduced into rivers, lakes, seas, soil, plants, and food
chains. Moreover, tritium is a low-energy beta emitter
(average energy of 5.7 keV with a maximum of 18.6 keV)
with a half-life of 12.33 years [11]. When tritium is
inhaled, ingested, or penetrates through the skin, sustaining
internal radiation exposure to humans could pose a
potential health risk. Several animal experiments have
reported that severe tritium contamination can cause acute
radiation sickness. The effects of low-dose tritium on the
central nervous system of offspring mice and rats have also
been reported [12-14]. Therefore, environmental tritium
has attracted wide attention in radiation protection com-
munities [15-17]. In this context, environmental tritium
monitoring is not only critical for reviewing and checking
the operation status of nuclear facilities but is also helpful
for assessing their long-term environmental impacts. Over
the past decades, numerous investigations on environ-
mental tritium have been performed in different regions of
the world for the purposes of radiation safety and/or
hydrogeological research [18-21].

East Asia is one of the most prosperous and highly
populated regions in the world [22]. With the rapid
development of industrialization and urbanization in China,
Japan, and South Korea, the significant dependence on
energy supplies is self-evident. Currently, 111 nuclear
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reactors are being operated in East Asia, providing a net
electrical capacity of 1.06 x 10° MW per year, accounting
for more than 25% of the nuclear energy assembly in the
world [23]. Another 22 nuclear reactors are under con-
struction in East Asia (China: 16; Japan: 2; South Korea: 4)
[23]. The operation of nuclear reactors and the reprocessing
of nuclear fuels can result in an increase in tritium release.
In addition, it has been reported that approximately 1.25
million tons of tritium-contaminated wastewater will soon
be released from the Fukushima Daiichi nuclear power
plant into the Pacific Ocean [24, 25]. Moreover, huge
amounts of tritium inventory (1000 times greater than the
release of conventional fission reactors) will be loaded into
fusion facilities in the future, which could cause a higher
anthropogenic tritium release [26]. Consequently, East
Asia is considered a region with high tritium emission
densities both now and in the future. On the other hand, the
extensive latitudinal and longitudinal spans and significant
altitude differences induce differences in the natural sour-
ces of tritium distributed in East Asia [27]. Furthermore,
the remarkable climatic differences resulting from such
geographical differences can exacerbate the spatial and
temporal variances in natural tritium profiles [27]. There-
fore, East Asia is regarded as an ideal region for studies on
tritium behavior. Over the last three decades, significant
efforts have been made to conduct environmental tritium
monitoring in this region; however, regional levels remain
unclear because a large amount of sporadic data has not yet
been systematically compared and analyzed.

In this study, the reported data on environmental tritium
in East Asia over the past 30 years were collected through
literature retrieval, and a database including tritium con-
tents in the atmosphere, precipitation, surface water,
groundwater, soil, and living organisms was established for
further analysis and discussion. The main objective of this
study is to evaluate the tritium levels and particularities of
environmental behavior in East Asia. The findings can be
helpful for future environmental studies on developing
appropriate monitoring strategies and objective evaluation
of environmental radiation safety.

2 Data collecting and analysis
2.1 Literature retrieval

Several literature databases were used to collect the
related information and data on environmental tritium in
China, Japan, and South Korea. For papers published in
English, Web of Science (Thompson Scientific, USA) was
used. For papers published in Chinese, the China National
Knowledge Infrastructure (CNKI), WANFANG database,
and China Science and Technology Journal Database
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(CQVIP) were used. Google Scholar was used to retrieve
papers written in Japanese and Korean. By limiting the
sampling sites to within China, Japan, and South Korea,
and sampling time or period to the 1990s to 2020s,
approximately 112 papers were extracted for use in this
study.

2.2 Database construction

A database containing the sampling site, sampling time,
sampling medium, chemical forms of tritium, and their
measured results was constructed in this study. The data
entry was performed independently by two persons to
reduce input errors. For the data on tritium in environ-
mental media, if the papers provided detailed information
on the sampling site, sampling time, and corresponding
results of the environmental tritium, the data were extrac-
ted and entered into the database directly. For those that
only provided the mean values of tritium contents or
described their ranges in graphs, the values were inversely
extracted using a digitizer function in Origin 9.3 (Origi-
nLab, USA). In addition, data on tritium in precipitation in
China, Japan, and South Korea for the period 1990-2020
were also obtained from the unified data source of the
Global Network of Isotopes in Precipitation (GNIP) [28].
As a result, 6743 sets of data were registered in the data-
base for further analysis.

2.3 Data analysis

To probe the temporal variation in environmental tri-
tium levels in different regions in China, Japan, and South
Korea, the data monitored in the vicinity of nuclear facil-
ities were first excluded considering that they could be
largely influenced by releases from the facilities. Based on
the sampling years, the data monitored in the regions
without nuclear facilities were categorized into three
periods: 1990s, 2000s, and 2010s. For more rational com-
parisons, data from the same sampling site in the same
period were combined and described by the median and
extreme range if the dataset could not pass the normality
test.

To reveal the spatial profile of natural tritium levels in
the three countries in different periods, correlation analyses
between the reported tritium level and latitude of the
sampling sites were performed for cities with no less than
five sets of data. If only the name of the sampling site was
available, the latitude was retrieved from Google Earth. For
those where only the names of provinces were reported, the
capitals of the provinces were defined as the sampling site.
The relationship between the tritium level and latitude was
tested using SPSS Statistics 27 software (IBM, USA). The
Pearson correlation test was selected for data following a

normal distribution; otherwise, the Spearman correlation
test was employed. Significance was defined as P < 0.05
for all analyses.

3 Results and discussion

3.1 Levels of environmental tritium in East Asia
in past 30 years

In the atmosphere, tritium typically exists in three
chemical forms: HTO, tritiated hydrogen (HT), and triti-
ated methane (CH3T), which are eventually brought into
different water pools in the form of HTO. In soil, tritium
exists in the form of loose water tritium (LWT) and OBT.
In living organisms such as plants, tritium exists in TFWT
and in the form of OBT. After intake, HTO can be
absorbed entirely and evenly distributed throughout the
body within an hour, resulting in internal radiation expo-
sure. In comparison, only approximately 0.01 and 1% of
inhaled HT and CHs;T, respectively, are converted into
HTO and absorbed by the human body [29]. Therefore, the
high percentage, mobility, and transferability of HTO make
its radiation impact considerably greater than those of HT
and CH;T, which in turn leads to the monitoring of HTO
being more commonly performed. To monitor HTO in the
atmosphere, atmospheric water vapor can be first collected
using the desiccant adsorption, frozen, bubbling, or dehu-
midified methods [1]. Then, the desorbed water is typically
transferred to a beta-ray counter or spectrometer to deter-
mine the activity of tritium in the sample. When monitor-
ing HT and CH;T in the atmosphere, LWT and OBT in
soil, or TFWT and OBT in organisms, more cumbersome
and complicated pretreatment is required to obtain the
water sample for tritium measurement. The activity con-
centration of tritium in a water sample is typically
expressed as Bq L™'. When the absolute humidity of the air
during sampling is avaliable, the activity concentration of
tritium in the atmosphere can be expressed as Bq m .

Table 1 summarizes the amount of the data extracted
from China, Japan, and South Korea. China had the largest
amount of data (n = 3035), followed by Japan (n = 2821),
and South Korea (n = 887). Among these environmental
samples, the number of samples from the atmosphere,
precipitation, surface water, and shallow groundwater were
relatively sufficient; therefore, the level comparison and
profile study on tritium in the four media were performed
in this review.

Table 2 lists tritium activity concentrations monitored in
different environmental media in East Asia over the past
30 years. As indicated in Table 2, tritium in the atmo-
sphere, precipitation, and water bodies was mainly mea-
sured in the form of HTO. This reflects both the importance
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Table 1 Reported tritium data

in different media in China, Media (Form of tritium) Amount of data Sub-total

Japan, and South Korea in past China Japan South Korea

30 years
Atmosphere (HTO) 374 575 91 1040
Atmosphere (HT) 7 337 ND 344
Atmosphere (CH;T) 168 127 ND 295
Precipitation (HTO) 1222 694 270 2186
Surface water (HTO) 511 545 48 1104
Shallow groundwater® (HTO) 344 209 34 587
Deep groundwater® (HTO) 44 No Data 11 55
Unspecified groundwater® (HTO) 18 No Data 85 103
Soil (LWT) 151 31 31 213
Soil (OBT) 29 12 No Data 41
Living organisms (TFWT) 82 171 158 411
Living organisms (OBT) 85 120 159 364
Total 3035 2821 887 6743

* For groundwater, a sampling depth of 150 m was set as a threshold to divide the groundwater into

shallow or deep groundwater

of HTO and relative convenience of the HTO measure-
ments [5, 19, 27]. For tritium in soil and living organisms,
even though the measurements were relatively difficult and
time-consuming, the data still accounted for 36% of the
total in the vicinity of nuclear facilities. This implies that
the ecological impact of anthropogenic tritium is also a
concern in East Asia.

As indicated in Table 2, the tritium levels in East Asia
change considerably with the environmental media and
vary with different measurements even for the same med-
ium. Compared with areas without nuclear facilities, the
maximum values of tritium concentrations measured in
regions with nuclear facilities were typically one to five
orders of magnitude greater, and the ranges of tritium
concentrations were also more variable. Moreover, in
comparisons of the median and mean values of environ-
mental tritium, it can also be observed that the difference in
the vicinities of nuclear facilities was considerably greater
than that in areas without nuclear facilities, indicating that
different amounts of anthropogenic tritium were released in
the vicinity of nuclear facilities. Furthermore, in compar-
isons of the median or mean values of tritium concentra-
tions in soil and organisms, it was found that the levels in
the vicinity of nuclear facilities were approximately one
order of magnitude greater than those in areas without
nuclear facilities. This implies that vicinities near nuclear
facilities were contaminated by tritium release. When
comparing the median values in the atmosphere, precipi-
tation, and water, no significant difference was found
among locations near nuclear facilities and areas without
nuclear facilities. This could be explained by the fact that
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tritium was bound to the abundant organic components in
the soil and organisms through isotopic exchange, which
consequently led to the historical accumulation of tritium
generated by anthropogenic pathways. While both the
atmospheric and water environments are dynamic, the
organic components in the atmosphere, precipitation, and
water are typically negligible. The above results suggest
significant differences in the patterns of source-sink com-
petition for tritium in different environmental media. In
fact, the same phenomenon in which tritium levels vary in
different environmental media has also been reported in
other regions of the world [20, 21].

3.2 Tritium levels in atmosphere in East Asia
3.2.1 Atmospheric HTO in areas without nuclear facilities

Among the different environmental media, except for
the liquid discharge of anthropogenic tritium, the majority
of the tritium first appears in the atmosphere. In the
atmosphere, approximately 99% of tritium exists in the
chemical form of HTO; its dose conversion factor
(1.8 x 107" Sy Bq™") is more than two magnitudes
greater than that of HT or CH3T [30]. Furthermore, the
measurement of HTO is considerably easier than that of
HT or CH3T. Consequently, atmospheric HTO has been the
most frequently studied in countries or regions of interest
for a long time.

In East Asia, China conducted several atmospheric
weapons tests before 1980, and Japan began operating the
first nuclear power plant in 1963. To assess the large-scale
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Table 2 Tritium concentrations in different media in East Asia reported in past 30 years

Areas Media (Form of tritium) Amount of data  Concentration
Range Median  Mean Unit

Without nuclear facilities Atmosphere (HTO) 416 0.1 ~ 315 0.9 1.7 BqL™'
Atmosphere (HTO) 151 0.4 ~ 79.6 10.1 16.0 mBq m™
Atmosphere (HT) 137 1.1 ~ 68.0 26.3 21.8 mBq m >
Atmosphere (CH;T) 130 0.4 ~ 340 10.6 9.3 mBq m
Precipitation (HTO) 1936 0.1 ~ 235 1.0 1.9 Bq L™
Surface water (HTO) 863 <0.1 ~ 11.1 0.7 1.3 Bq L!
Shallow groundwater® (HTO) 378 <01 ~ 84 0.9 1.2 Bq L™
Deep groundwater * (HTO) 57 <01~ 12 0.1 0.3 BqL™'
Unspecified groundwater (HTO) 59 <0.1 ~ 48 0.6 1.0 Bq L'
Soil (LWT) 20 0.5 ~ 32 1.3 14 BqL™!
Soil (OBT) 12 0.6 ~ 34 2.0 2.0 BqL™'
Living organisms (TFWT) 85 0.5 ~ 10.6 2.0 23 Bq L™
Living organisms (OBT) 104 04 ~ 614 2.1 4.4 BqL™

Vicinity of nuclear facilities ~ Atmosphere (HTO) 38 0.3 ~ 5600 1.9 181 BqL™!
Atmosphere (HTO) 435 1.3 ~ 13,710 27.0 3822 mBq m~>3
Atmosphere (HT) 207 4.1 ~ 2763 8.4 30.3 mBq m™
Atmosphere (CH5T) 165 03 ~ 164 1.2 3.1 mBq m>
Precipitation (HTO) 250 0.1 ~ 1554 1.1 66.2 BqL™!
Surface water® (HTO) 241 < 0.1 ~ 422 14 8.3 Bq Lt
Shallow groundwater" (HTO) 209 < 0.1 ~ 790,000 0.4 5838.0 BqL™'
Unspecified groundwater (HTO) 44 < 0.1 ~ 472 6.2 45.5 BqL™'
Soil (LWT) 193 0.1 ~ 1222 29.1 62.8 Bq Lt
Soil (OBT) 29 5.8 ~ 248 46.2 70.2 BqL™!
Living organisms (TFWT) 326 0.3 ~ 983 8.2 38.6 Bq L'
Living organisms (OBT) 260 0.3 ~ 1050 14.3 344 Bq L'

For groundwater, a sampling depth of 150 m was set as a threshold to divide the groundwater into shallow or deep groundwater

and long-term effects of anthropogenic tritium release on
the environment, surveys on atmospheric HTO have been
conducted in areas without nuclear facilities for many years
in both China and Japan. Figure 1 plots the pooled con-
centrations of atmospheric tritium [27, 31-55] by latitude
and distance from the proximal coastlines in China and
Japan over the past three decades.

As indicated in Fig. la, the level of atmospheric HTO
has significantly decreased in China since the 1990s; the
same tendency can also be observed in Japan. The median
value in China in the 1990s (10.80 Bq L") is approxi-
mately 30 times greater than that (0.34 Bq L™') in the
2010s; the decrease in Japan is also more than four times
(1.90 Bq L™ in the1990s, 0.37 Bq L™" in the 2000s). It is
well known that tritium transporting from the stratosphere
to the troposphere (so-called “tropopause input™) is the
major tritium source by nature in our living environment.
In the case of atmospheric nuclear weapon tests, large
amounts of anthropogenic tritium were introduced into the

stratosphere and mixed with cosmogenic tritium; the level
of tritium in the atmosphere near the earth’s surface
increased through the STEM process [27] after the tests.
However, tritium released from atmospheric nuclear
weapons tests naturally decays and spread globally.
Therefore, it is reasonable to explain the different
decreasing rates of atmospheric HTO between China and
Japan after the end of atmospheric nuclear weapon tests in
1980. After the 2010s, the atmospheric HTO returned to
approximately its natural level in East Asia, indicating that
the impact of nuclear weapon tests on the atmospheric
HTO in East Asia is negligible at present.

Regarding the level of atmospheric HTO in China, a
clear change with latitude can also be observed in Fig. la.
A Spearman correlation analysis demonstrated that the
correlation coefficients between the level of atmospheric
HTO and latitude in China were 0.59 and 0.84 for the
1990s and 2010s, respectively; the P values were all less
than 0.01. As mentioned above, natural tritium is mainly
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Fig. 1 (Color online) Levels of atmospheric HTO monitored in regions without nuclear facilities in China and Japan: a latitudinal profile,

b continental profile

produced by the nuclear reactions of cosmic neutrons with
YN in the upper atmosphere. Moreover, the intensity of
cosmic rays is positively correlated with the geomagnetic
latitude. Therefore, it is easy to explain the latitudinal
distribution of atmospheric HTO levels. Despite the release
of tritium from atmospheric nuclear weapon tests before
1980, the rapid homogenization of stratospheric material
did not significantly change the latitudinal distribution of
tritium sources from south to north. However, the net flux
of STEM was reported to be considerably greater in the
mid-latitude region where East Asia is located than in the
low-latitude or high-latitude regions because of the
occurrence of tropopause folds [2, 18, 27]. This natural
phenomenon also supports the latitudinal distribution of
atmospheric tritium. Furthermore, several studies have
pointed out that the thickness of the tropopause typically
decreases from the equator to the poles [27]. This means
that anthropogenic tritium in the tropopause could experi-
ence a greater dilution in low-latitude regions. In summary,
the significant latitudinal distribution of atmospheric HTO
in China could be attributed to the above reasons.
Compared to China, the Ilatitudinal distribution of
atmospheric HTO levels in Japan is less apparent, as
indicated in Fig. la. In general, the ocean is considered a
sink for storing environmental tritium, and a large amount
of ocean water can significantly dilute the level of atmo-
spheric tritium, i.e., the level of tritium in oceans is
extremely low [3, 18]. Therefore, an air mass originating
from the ocean is often considered a tritium-depleted
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source. When the tritium input from the tropopause is
vertically transported to the ground surface, the horizontal
transport of the oceanic air mass with an extremely low
level of tritium can dilute the level of atmospheric tritium.
As the territory of Japan is completely surrounded by the
Pacific Ocean, Sea of Okhotsk, Sea of Japan, and East
China Sea, it is thought that the more significant impact of
oceanic air masses on atmospheric tritium makes the lati-
tudinal distribution of atmospheric HTO less obvious. To
test the above explanation of the oceanic air mass effect,
the atmospheric HTO levels were replotted against the
distance from the proximal coastline in both China and
Japan, as displayed in Fig. 1b. It is clear that the closer to
the proximal coastline, the lower the level of atmospheric
HTO, which can be generally observed in China, regardless
of the monitoring period. Correlation analysis revealed that
the correlation coefficients between the level of atmo-
spheric HTO and distance from the proximal coastline in
both China and Japan were 0.72 and 0.70 in the 1990s and
2010s, respectively; the P values were all less than 0.01. In
fact, a significant dilution effect of oceanic air mass on the
level of atmospheric HTO has been reported in previous
studies [33, 34, 38].

3.2.2 Atmospheric HTO in vicinity of nuclear facilities
Table 3 summarizes the atmospheric HTO reported in

the vicinity of the nuclear facilities in China, Japan, and
South Korea over the past 30 years. The facilities included
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nuclear power plants (NPPs) (Qinshan and other NPPs in
China, Fukushima in Japan, and Wolsong NPPs in South
Korea), a fission research reactor (Kyoto University in
Japan), nuclear fuel reprocessing plant (Tokai in Japan),
and fusion test device (National Institute for Fusion Sci-
ence (NIFS) in Japan). As shown in Table 3, the concen-
trations of atmospheric HTO monitored in the vicinity of
the nuclear facilities varied significantly at the different
sampling sites. In particular, in the vicinity of heavy-water
reactors (HWRs) (Wolsong NPPs and Qinshan NPPs), the
differences between the minimum and median or maxi-
mum values were several orders of magnitude, and a clear
difference was also observed in the vicinity of the research
reactor at Kyoto University. The results indicate that the
release of anthropogenic tritium from nuclear facilities can
lead to hotspot concentrations, and attention should be
given to tritium release from HWRS and even research
reactors. This implies that more detailed monitoring of
atmospheric tritium with higher spatial and temporal res-
olutions in the vicinity of nuclear facilities is desirable and
necessary for more accurate assessments of the potential
impacts of tritium release from nuclear facilities on the
ecological environment.

3.2.3 Atmospheric HT and CH3T in vicinity of nuclear
facilities

For measurements of atmospheric HT and CH;T, the
gaseous samples typically first require conversion into
HTO under high-temperature oxidation conditions. Sample
pretreatments are more time-consuming and difficult than
atmospheric HTO measurements. However, monitoring of
atmospheric HT and CH;T in the vicinity of nuclear
facilities are indispensable for the accurate evaluation of
the release and operating status of nuclear facilities.

Table 4 displays the reported concentrations of atmo-
spheric HT and CH;T monitored near Qinshan NPPs in
China, the nuclear fuel reprocessing plant in Tokai, and
fusion test device in the NIFS in Japan. As indicated in
Table 4, wide ranges of atmospheric HT and CH3T were
observed in the vicinity of the nuclear facilities; the

concentrations depended on the type of facility. Overall,
the concentrations of HT and CH3T were relatively low
near the NIFS, as they were in a test status. Extremely high
concentrations of HT were observed in the vicinity of the
heavy-water reactor at Qinshan and nuclear fuel repro-
cessing plant in Tokai. By comparing the median values of
HT and HTO (see Table 3), it was found that the released
HT accounted for at least 10% of the total tritium for the
HWR and fuel reprocessing plant. In a more detailed sur-
vey, Koarashi et al. reported that 19-28% of the tritium
released to the atmosphere from the reprocessing plant in
Tokai presented the HT form [56]. The above results
indicate that not only HTO, but also HT and CH3T should
be monitored in the vicinity of nuclear facilities. Moreover,
the emission and environmental fate of HT and CH5T
should be further studied to assess their ecological effects.

3.3 Tritium levels in precipitation

For a more objective reflection of the spatial and tem-
poral distributions of natural tritium in precipitation (also
called rain tritium), the concentrations of rain tritium
reported in areas without nuclear facilities in China
[28, 36, 37, 41, 42, 45, 48, 49, 57-62], Japan
[28, 35, 39, 51, 52, 63-70] and South Korea [28, 71-77] in
the past three decades were extracted and plotted against
the latitude in Fig. 2.

Compared with the atmospheric HTO concentrations
displayed in Fig. 1, it can be observed that although the
level of tritium in precipitation is slightly lower than that in
the atmosphere, a similar latitudinal distribution of tritium
concentrations can be observed in precipitation. Based on
the biogeochemical cycle of hydrogen isotopes, tritium and
its isotopes originating from the tropopause input are pri-
marily presented as ice crystals before reaching the melting
layer approximately 5 km above the earth’s surface. When
they are fully converted into tritiated water vapor, the
dynamic isotope exchange of condensation—evaporation
with the surrounding droplets occurs during the subsequent
deposition process. Therefore, the level of tritium in rain-
drops largely depends on the level of tritium in the

Table 3 Atmospheric HTO

concentrations reported near Country Sampling site Concentration (mBq m~>)
nuclear facilities in East Asia Minimum Median Maximum Reference
China Qinshan 6.52 144 4363 [43, 44, 50, 148]
Other NPPs 10.0 22.0 151 [45, 46, 48, 49]
Japan Fukushima 2.59 14.8 143 [55]
Tokai 12.0 20.0 1100 [51, 54]
NIFS 1.25 6.07 26.3 [38, 53, 153]
Kyoto University 9.03 96.4 9683.1 [52]
South Korea Wolsong 6.32 1788 113,710 [71, 127, 72, 106]

@ Springer



86 Page 8 of 19

B. Feng and W.-H. Zhuo

Table 4 Concentrations of

. .- o -3
atmospheric HT and CH,T Country Site Tritium form Concentration (mBq m™~) Reference
reported near nuclear facilities Minimum Median Maximum
in China and Japan
China Qinshan HT 1.06 15.4 2763 [43, 50]
CH;T 1.97 7.12 164 [43, 50]
Japan NIFS HT 4.07 8.02 11.3 [38, 53, 153]
CH,T 0.26 1.15 6.14 [38, 53, 153]
Tokai HT 8.5 17.0 374.1 [51, 54, 154]
CH;T ND 6.6 No Data [155]
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Fig. 2 (Color online) Levels of tritium (Bq LY in precipitation: a in China, b Japan, and ¢ South Korea

atmosphere and isotope exchange rate, which allows the
latitudinal distribution of atmospheric tritium to be repli-
cated in the rainfall. However, the dilution effect caused by
the abundant number of hydrogen stable isotopes in rainfall
and the challenge in establishing isotope exchange equi-
librium together could lead to a slightly lower level of
tritium in rainfall than in atmospheric water vapor.

As shown in Fig. 2a, both latitudinal and temporal
variations in HTO concentrations in precipitation are
apparent in China. The positive correlation between lati-
tude and tritium level in precipitation was significant in all
three periods (1990s: r = 0.63, P < 0.01; 2000s: r = 0.78,
P < 0.01; 2010s: r = 0.55, P < 0.01). This confirms the
influence of the tropopause input on tritium during pre-
cipitation. Considering the reported data in China in dif-
ferent periods covered a wide range of latitudes, for
simplicity, only the data on rain tritium reported near 25°N

@ Springer

were further extracted to study the temporal change in rain.
In the region of 25°N, the median concentrations of tritium
in precipitation were 1.27 and 0.21 Bq L™" in the 1990s
and 2010s, respectively. The decline was approximately six
times over three decades, which was marginally faster than
the decline (approximately 5.4 times) due to the physical
decay of tritium. Conversely, the median concentrations of
tritium in atmospheric water vapor were 4.62 and 0.20 Bq
L~ " in the 1990s and 2010s, respectively, and the decline
coefficient was approximately 23. The comparison result
implies that there is a strong dilution effect of the tritium
transfer process from the atmosphere to rainwater. Fur-
thermore, rapid decreases in tritium concentrations in both
the atmosphere and rainwater also suggest that oceanic air
masses with extremely low levels of tritium can largely
dilute the levels of tritium in both the atmosphere and
rainfall, especially in low-latitude coastal regions.
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As indicated in Fig. 2b, the latitudinal and temporal
variations in tritium in precipitation in Japan were similar
to those in China. The median tritium concentrations in
precipitation in Japan were 0.69 and 0.27 Bq L™' in the
1990s and 2010s, respectively. The decline coefficient was
approximately three, which was smaller than that in the
region of 25°N in China. The main reason for this differ-
ence could be that the concentration of tritium in precipi-
tation in China in the 1990s was approximately one order
of magnitude greater than that in Japan in the same period,
and the majority of the monitoring sites in Japan were north
of 25°N [33, 34, 38]. In general, the high concentration of
tritium in precipitation in China in the 1990s is considered
to be the residual effect of atmospheric nuclear weapon
tests. However, both the dilution of long-distance trans-
portation of air masses from China and the relatively
considerable dilution effect of oceanic air masses typically
reduce the concentration of tritium in precipitation in
Japan. As indicated in Fig. 2c, the level of tritium in pre-
cipitation in South Korea was between those in China and
Japan in the same latitudinal span. This can be explained
by the reasons that the concentration of atmospheric tri-
tium in South Korea is more likely to be influenced by
continental monsoons from high-latitude regions
[33, 34, 38], and the dilution effect of oceanic air masses is
smaller than that in Japan. Based on the data from a
national survey in South Korea [77], a significant correla-
tion (correlation coefficient of 0.65) was also found
between the concentration of tritium in precipitation and
distance to the coastline.

It should be noted that the level of tritium in precipita-
tion monitored at the majority of sites in Japan, South
Korea, and coastal regions of China in the 2010s decreased
to less than 1 Bq L', which could raise a challenge to
precisely determine the tritium concentrations in rainfall
using conventional sampling and measuring methods.
Therefore, further research and development of sampling
and sample pretreatment methods as well as more
advanced measurement devices are desired for accurate
measurements of low-level environmental tritium in the
future. Tritium levels with one to four orders of magnitude
higher than the baseline were also observed in precipitation
collected near nuclear facilities in South Korea, Japan, and
China [37, 41, 45, 46, 48, 49, 63, 70, 72]. For example,
tritium in precipitation was observed to be greater than
19 Bq L™" in Tsukuba at the beginning of the Fukushima
accident [66, 75]. In South Korea, tritium in precipitation
around the Wolsong NPPs was reported [58] to be as high
as 1554 Bq L™'. These observations indicate that rapid
isotope exchange can occur on the surface surrounding a
nuclear facility, which allows the tritium concentration in
precipitation to be an indicator of the tritium emission
status in these facilities.

3.4 Tritium levels in surface water

Driven by the hydrologic cycle process, HTO in the
atmosphere and precipitation can be delivered to surface
water reservoirs through surface runoff. Figure 3 plots the
reported concentrations of tritium in surface water and lat-
itude of the monitoring sites in areas without nuclear facil-
ities in China [31, 36, 41, 44-48, 57, 59, 61, 62, 78-87],
Japan [88-96], and South Korea [97] over the past three
decades. As indicated in Fig. 3, the overall level of tritium in
the surface water was marginally lower than that of the
atmospheric HTO at the same site and period; the level of
tritium in river water was similar to that in lake, spring, and
drinking waters, whereas the level of tritium in seawater was
the lowest. The low concentration in seawater can be
attributed to the dilution effect of the large amounts of
stable hydrogen isotopes (i.e., "H and *H) in the ocean.

As in Figs. 1 and 2, similar latitudinal distributions of
tritium concentration in surface water in China and Japan
can also be seen in Fig. 3. Correlation analyses have
indicated that the correlation coefficients between the tri-
tium concentrations in surface water in the 1990s in China
and the latitudes were 0.692, 0.766, and 0.741 for river,
lake, and drinking water, respectively; the P values were all
less than 0.01.

During the observed period, the median tritium con-
centrations in surface water in China were approximately
3.02 and 1.34 Bq L™" in the 1990s and 2010s, and the
decreasing rate was estimated to be approximately 55.6%
in the past years, which was considerably less than that of
atmospheric HTO (96.8%) or trititum in precipitation
(95.6%). It is thought that surface water not only has high
mobility, but also contains abundant stable isotopes of
hydrogen, leading to a rapid dilution effect on the differ-
ence in tritium global fallout. For the median tritium con-
centration in the surface water in Japan, a decreasing trend
was also observed. However, this decline (43.8%) was less
than that in China. This difference could be explained by
the fact that surface water remains subject to persistent
differences in tritium supply for specific latitudinal char-
acteristics due to their direct exposure to air. Similarly, as
the continuous weakening of tritium has originated from
nuclear weapon tests and the intrusion of oceanic air
masses, the level of tritium in surface water has largely
decreased in the past years. In particular, in coastal regions
the level of tritium in surface water at present is
approaching the level in seawater. Such a low tritium level
presents a new challenge for precise measurement.

Conversely, greater than 1000 Bq L™ of tritium in
surface water was reported near the Wolsong NPPs [98].
After the accident at the Fukushima Daiichi NPPs, the level
of tritium was observed to be 184 Bq L™ in a small pool
1.5 km distant from the accident site [94]; the level of
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Fig. 3 (Color online) Levels of tritium (Bq L") in different bodies of water in East Asia

tritium in the near seawater was also found to be three
orders of magnitude greater than its original [99, 100].
These results indicate that the surrounding environments
were significantly contaminated by tritium released from
the HWRs and the accident. However, it should be noted
that the high concentrations of tritium in surface water are
still within the regulatory limit (6 x 10* Bq L™') for
activity concentration in Japan [98]. In Japan, the annual
discharges of the nuclear fuel reprocessing plant in Tokai
were reported to be 1.9 x 10" and 5.4 x 10" Bqa~' for
gaseous and liquid tritium, respectively [101, 102],
whereas the annual discharge limit has not been found for
nuclear power plants. In China, both the annual activity and
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concentration limits have been set for tritium discharge.
For a 3000 MW NPP in China, the annual activity limi-
tations of gaseous tritium discharge are set to 1.5 x 10"
and 4.5 x 10" Bq a! for pressured water reactors and
HWRs, respectively; the annual limitations of liquid tri-
tium discharge are set to 7.5 x 10'* and 3.5 x 10" Bqa™"
for pressurized water reactors and HWRs, respectively
[26]. Furthermore, the concentration limit of liquid tritium
discharge is set to 100 Bq L™" for an inland NPP in China
[103]. In South Korea, it has been reported that the annual
release limits for HWRs in gaseous and liquid effluents are
controlled within 1.05 x 107 and 3.48 x 10'° Bq a™ !,
respectively [98, 104]. In summary, not all East Asian
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countries have set both the annual activity and concentra-
tion limits for tritium release from nuclear facilities.
Moreover, the existing limits are also inconsistent, even for
the same reactor type.

3.5 Tritium levels in groundwater

Compared with surface water that can directly receive
tritium supply from the atmosphere, the recharge of tritium
in groundwater relies primarily on surface infiltration,
making its concentrations and spatiotemporal profiles
strongly relevant to the surface inventory of tritium and
regional hydrogeological conditions. Before nuclear
weapon tests, the level of natural tritium in groundwater
was generally lower than 1 T.U. (one tritium unit is defined
as one tritium atom per 10'® atoms of hydrogen), which is
calculated to be approximately 0.118 Bq L™" by setting
Avogadro’s number, the half-life of tritium, and molar
mass of water to 6.02 x 1023, 4500 days, and
18.0153 x 107 kg mol™!, respectively. However, the
level would increase after receiving recharge from “mod-
ern water” (i.e., water sources carrying anthropogenic tri-
tium information) [105]. This feature makes tritium in
groundwater an excellent indicator of the source and age of
the recharged water. In addition, as water sustainability and
quality are essential to highly populated regions, a number
of investigations on tritium in groundwater have been
conducted in East Asia over the past decades.

Figure 4 displays the level of trititum in shallow
groundwater (here defined as a sampling depth < 150 m)
investigated in areas without nuclear facilities in China,
Japan, and South Korea over the past three decades
[31, 32, 41, 58, 62, 69, 76, 81, 84, 88, 99, 106-126].
Compared with the level of tritium in surface water, the
level of tritium in shallow groundwater is virtually the
same or marginally lower than that in surface water at the
same site and during the same period. Furthermore, the
spatiotemporal distribution of tritium levels in shallow
groundwater is similar to that in surface water.

In spatial terms, the latitude effect is also clearly present
in shallow groundwater in areas without nuclear facilities
in China and South Korea, as indicated in Fig. 4. In the
1990s, the correlation coefficients between the tritium
concentration in shallow groundwater and latitude were
found to be 0.60 and 0.80 in China and South Korea,
respectively. The positive correlations were all significant
(P < 0.01), suggesting that the level of tritium in ground-
water in East Asia was also influenced by the latitude
effect. In addition, several studies have indicated that a
significant negative correlation exists between the con-
centration of tritium and depth of groundwater [107].
Combining the statistical data presented in Table 2, it can
be observed that the median value of tritium in deep

groundwater is approximately one order of magnitude
lower than that in shallow groundwater. This concentration
gradient related to groundwater depth confirms the down-
ward migration of tritium from the surface to the ground
layer.

In addition, a significant decrease in the tritium level of
groundwater has been observed in regions without nuclear
facilities in China, Japan, and South Korea over the past
three decades. In the 2010s, the median tritium concen-
trations in China, Japan, and South Korea were 0.71, 0.37,
and 0.72 Bq L™, respectively, which were approximately
27.0, 42.9, and 43.5% less than their original values in the
1990s. Therefore, the tritium level in shallow groundwater
in areas without nuclear facilities is approaching its natural
value in the majority of regions of East Asia.

Nevertheless, it has also been observed that the tritium
concentration in shallow groundwater near two nuclear
power plants in East Asia was approximately four orders of
magnitude greater than the natural level [127, 128].
Moreover, after the severe accident at the Fukushima
Daiichi NPPs, the concentrations of tritium in well water
near the accident site ranged from 10 to 3000 Bq L'
[99, 122], and the greatest concentration was reported to be
as high as 7.9 x 10° Bq L™" in well water near the damage
site [99]. These results highlight the importance of
strengthening tritium monitoring around nuclear facilities
and accident sites.

3.6 Tritium levels in soil and living organisms

Surface organic-rich receptors such as those in soil and
living organisms can also receive a continuous tritium
supply from the atmosphere and precipitation. Because this
is the main pathway for transferring tritium from inorganic
to organic pools, the metabolic processes of tritium at all
trophic levels of the food chain have attracted considerable
attention in the field of radioecology research [129].
Depending on whether the environmental tritium is or is
not tightly bound to the organic matter, the tritium in
organisms can typically be classified into TFWT and OBT
[130]. While in the soil environment, the concept of tissue-
free water tritium is often referred to as LWT [131]. In this
study, with the limitation of available data on OBT, the
OBT was not further classified into exchangeable and non-
exchangeable OBT for comparison, although this classifi-
cation is vital from a radioecological point of view [132].
Moreover, it should be emphasized that the residence time
of tritium in soil/living organisms depends significantly on
the binding molecules. The data presented here provide
only a snapshot of the dynamics of environmental tritium
in a specific time window.
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Fig. 4 (Color online) Level of tritium (Bq L_l) in shallow groundwater in East Asia

3.6.1 Tritium levels in soil

Table 5 summarizes the tritium concentrations in soil
reported in several places in China, Japan, and South Korea
[54, 127, 133—-138]. It can be observed that the mean LWT
concentrations in soil in places without nuclear power
plants (Akita and Rokkasho) are typically one to two orders
of magnitude less than those in places with nuclear power
plants (Qinshan, Tokai, and Wolsong).

Taking Akita in Japan as an example, the level of LWT
in the area without nuclear facilities is slightly higher than
the level of tritium in local precipitation (approximately

Table 5 Tritium concentrations in soil reported in sites in East Asia

0.9-1.1 Bq L") [138]. The reason for the higher level of
tritium in soils is considered to be the additional HTO
contribution from the oxidation of atmospheric HT in the
soil [139]. However, because of the fast evaporation rate of
soil water and limited depth (0-20 cm) of porous soil that
can exchange with atmospheric water [130, 132, 139], the
tritium concentration in soil typically remains at the same
order of magnitude as that in the atmosphere and surface
water. The rapid equilibrium of HTO in the atmosphere—
soil-vegetation system was also verified in a field experi-
ment performed in the vicinity of the Tokai reprocessing
plant by Fujita et al. [54].

Country Specie Site Period Depth (cm) Concentration (Bq L") Reference
Minimum Mean Maximum
China LWT Qinshan® 2010s 0-25 0.53 28.3 143 [133-137]
OBT Qinshan® 2010s 0-25 5.81 46.2 248 [133, 137]
Japan LWT Tokai® 2004 0-5 1.48 4.74 8.05 [54]
Akita® 1989 0-20 1.24 2.05 3.16 [138]
Rokkasho® 1989 0-20 0.52 0.63 1.38 [138]
OBT Akita® 1989 0-20 1.49 2.07 2.70 [138]
Rokkasho® 1989 0-20 0.63 1.93 3.35 [138]
South Korea LWT Wolsong® 1992-1995 0-5 0.1 122 1223 [127]

“Regions with nuclear facilities

PRegions without nuclear facilities
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However, as indicated in Table 5, the levels of LWT in
the soil near the HWRs in both China and South Korea
were more than one order of magnitude higher than those
in areas without nuclear facilities. This implies that tritium
released from heavy-water reactors can contaminate nearby
soils. In general, the level of OBT in soil had a wider range
and higher value than the level of LWT at the same depth.
This demonstrates the persistence of tritium from historical
release in the soil organic compartments.

3.6.2 Tritium levels in living organisms

Two indices are usually considered for tritium in living
organisms (i.e., plants and animals). One is the difference
between the TFWT value and level of tritium in the
atmosphere or precipitation in the same region. The second
is the persistence of tritium in the organic components of
the environmental compartments, which is often expressed
as the concentration ratio of OBT to TFWT.

Table 6 summarizes the concentrations of TFWT and
OBT in living organisms in areas without nuclear facilities
in China, Japan, and South Korea [79, 80, 140, 141]. As
indicated in Table 6, both the concentrations of TFWT and
OBT are typically in the same order of magnitude, and
their medians are comparable to their local rain tritium
levels at the same period (Shanghai: approximately
3.87 Bq L' [79, 142], Akita: 0.9-1.1 Bq L™' [138], South
Korea: approximately 1.5 Bq L' [23]). This suggests an
isotope exchange equilibrium of HTO between precipita-
tion and living organisms. However, it was also found that
the concentrations of TFWT in pine needles and certain
green vegetables were normally greater than those in other
terrestrial organisms [140, 141]. These results indicate that
different species have different tritium uptake and meta-
bolism [129, 130, 139]. Therefore, species with relatively
high uptake and fast metabolism of atmospheric tritium are
often used as indicators to check for tritium release near
nuclear facilities [44, 48, 71, 72, 136, 137, 143—-147]. For
example, numerous studies have used the TFWT concen-
tration in  pine needles as an indicator
[51, 71, 72, 138, 143, 144, 148]. Recently, evergreen-tree
leaves collected from the Fukushima region were also
utilized to estimate the levels of environmental tritium in
an accidental field at the beginning stage [145, 146].

6 -
3] T
|
s ] *
=
5 3 _
aa] | %
o 7 — I
0 L
0 T T T T T
Fish Cereal Fruit & veg. Egg Meat

Fig. 5 (Color online) Concentration ratios of OBT/TFWT in different
foods

Based on the data summarized in Table 6, the ratios of
OBT to TFWT concentrations in food in the above areas
are plotted in Fig. 5. As indicated in Fig. 5, the ratio of
OBT/TFWT ranges from 0.4 to 5.1 among different species
of food; the ratio also varies with sampling area, even for
the same food. In a recent study, Fujita et al. reported that
the concentration ratio of OBT/TFTW ranged from 0.55 to
1.47 in Chinese cabbage and cabbage collected near the
Tokai reprocessing plant [149]. These results indicate the
different persistence of tritium in different organic com-
ponents and environmental compartments. Among the
ratios, 66% of OBT/TFWT ratios were greater than one,
which is similar to the value of 75% for terrestrial organ-
isms reported in other regions [82].

4 Conclusions and perspectives

The level of environmental tritium in East Asia has
attracted increasing attention owing to the rapid develop-
ment of nuclear power plants and the coming release of
tritium-contaminated wastewater from Fukushima into the
Pacific Ocean [150, 151]. To better understand the envi-
ronmental levels and behavior of both natural and anthro-
pogenic tritium in East Asia, a relatively comprehensive
review and analysis of environmental tritium was con-
ducted in this work. The main findings are summarized in
the following.

Table 6 Tritium concentrations

—1 —1

in living organisms reported in 1o TEWT (Bq L) OBT (Bq L™) Reference

East Asia Minimum Mean Maximum  Minimum Mean  Maximum
Shanghai, China 2.8 3.0 10.6 6.7 14.3 18.6 [79, 80]
Akita, Japan 0.8 1.6 3.3 0.7 1.4 2.1 [140]
South Korea 0.9 1.8 4.2 1.0 2.5 4.1 [141]
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(1) The levels of environmental tritium vary signifi-
cantly based on the existence or nonexistence of
nuclear reactors, nuclear weapon tests, or the occur-
rence of nuclear accidents. In particular, in the
vicinity of HWRs or accident sites, the level of
environmental tritium can be several orders of
magnitude higher than that in other areas without
nuclear facilities.

(2) The impact of atmospheric nuclear weapon tests
before the 1990s on environmental tritium has
basically been eliminated as its physical decay, the
global geo-ecological cycle, and the level of envi-
ronmental tritium in the regions of East Asia without
nuclear facilities have virtually returned to their
natural background.

(3) In general environments, the level of tritium in the
atmosphere is slightly higher than that in precipita-
tion and surface water. The level of tritium in
shallow groundwater is nearly of the same order of
magnitude as that in surface water, and the level of
seawater is typically the lowest among the above
environmental media.

(4) In general environments, the levels of tritium in
environmental media are positively related to the
geomagnetic latitude and distance from the coast-
line. The level of environmental tritium in inland
areas at higher latitudes is typically higher.

(5) The levels of TFWT and OBT and their ratios in
certain living organisms are promising indicators for
studying the impact of anthropogenic tritium release
on environmental ecology.

This review established the largest database regarding
the concentrations of environmental tritium to date. How-
ever, given the limited open literature and incomplete
sampling information in the literature, the data summarized
in this paper could possibly not fully reflect their repre-
sentativeness in East Asia; in particular, the data on soil
and living organisms remain far from sufficient. Seasonal
variations in environmental tritium have also been reported
[27]. Therefore, further surveys on environmental tritium
are required to study the levels and behaviors of environ-
mental tritium in East Asia.

Based on this review, it is clear that the level of envi-
ronmental tritium in East Asia has returned virtually to its
background value in areas without nuclear facilities. As it
is usually not easy to accurately determine the background
level of tritium at present [1, 152], more advanced sam-
pling, pretreatment, and analytical methods need to be
developed. Moreover, there is evidence that the environ-
ment near nuclear reactors and accident sites has been
polluted by tritium release. Therefore, it is also necessary
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to continue studies on tritium behavior and its long-term
ecological impacts.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

Author Contributions All authors contributed to the study concep-
tion and design. Material preparation, data collection, and analysis
were performed by Bin Feng and Wei-Hai Zhuo. The first draft of the
manuscript was written by Bin Feng and all authors commented on
previous versions of the manuscript. All authors read and approved
the final manuscript.

References

1. X.L. Hou, Tritium and “C in the environment and nuclear
facilities: sources and analytical methods. J. Nucl. Fuel Cycle
Waste Technol. 16, 11-39 (2018). https://doi.org/10.7733/
jnfewt.2018.16.1.11

2. A. Cauquoin, P. Jean-Baptiste, C. Risi et al., Modeling the
global bomb tritium transient signal with the AGCM LMDZ-iso:
A method to evaluate aspects of the hydrological cycle. J. Geo-
phys. Res. 121, 12612-12629 (2016). https://doi.org/10.1002/
2016JD025484

3. P.E. Oms, P. Bailly du Bois, F. Dumas et al., Inventory and
distribution of tritium in the oceans in 2016. Sci. Total Environ.
656, 1289-1303 (2019). https://doi.org/10.1016/j.scitotenv.
2018.11.448

4. L. Palcsu, U. Morgenstern, J. Siiltenfuss et al., Modulation of
cosmogenic tritium in meteoric precipitation by the 11-year
cycle of solar magnetic field activity. Sci. Rep. 8, 1-9 (2018).
https://doi.org/10.1038/s41598-018-31208-9

5. B. Feng, B. Chen, W.H. Zhuo et al., A new passive sampler for
collecting atmospheric tritiated water vapor. Atmos. Environ.
154, 308-317 (2017). https://doi.org/10.1016/j.atmosenv.2017.
01.035

6. C. Boyer, L. Vichot, M. Fromm et al., Tritium in plants: a
review of current knowledge. Environ. Exp. Bot. 67, 34-51
(2009). https://doi.org/10.1016/j.envexpbot.2009.06.008

7. HL. Anh, V.T. Anh, T. Van Giap et al., Monitoring of tritium
concentration in Hanoi’s precipitation from 2011 to 2016.
J. Environ. Radioact. 192, 143-149 (2018). https://doi.org/10.
1016/j.jenvrad.2018.06.009

8. LK. Broni, J. Baresi¢, A. Sironi¢ et al., Isotope composition of
precipitation, groundwater, and surface and lake waters from the
Plitvice lakes, Croatia. Water (Switzerland). 12, 1-26 (2020).
https://doi.org/10.3390/W 12092414

9. L. Ducros, F. Eyrolle, C. Della Vedova et al., Tritium in river
waters from French Mediterranean catchments: Background
levels and variability. Sci. Total Environ. 612, 672—-682 (2018).
https://doi.org/10.1016/j.scitotenv.2017.08.026


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.7733/jnfcwt.2018.16.1.11
https://doi.org/10.7733/jnfcwt.2018.16.1.11
https://doi.org/10.1002/2016JD025484
https://doi.org/10.1002/2016JD025484
https://doi.org/10.1016/j.scitotenv.2018.11.448
https://doi.org/10.1016/j.scitotenv.2018.11.448
https://doi.org/10.1038/s41598-018-31208-9
https://doi.org/10.1016/j.atmosenv.2017.01.035
https://doi.org/10.1016/j.atmosenv.2017.01.035
https://doi.org/10.1016/j.envexpbot.2009.06.008
https://doi.org/10.1016/j.jenvrad.2018.06.009
https://doi.org/10.1016/j.jenvrad.2018.06.009
https://doi.org/10.3390/W12092414
https://doi.org/10.1016/j.scitotenv.2017.08.026

Levels and behavior of environmental...

Page 15 of 19 86

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

T.R. Juhlke, J. SiiltenfuBl, K. Trachte et al., Tritium as a
hydrological tracer in Mediterranean precipitation events.
Atmos. Chem. Phys. 20, 3555-3568 (2020). https://doi.org/10.
5194/acp-20-3555-2020

F. Eyrolle, L. Ducros, S. Le Dizes et al., An updated review on
tritium in the environment. J. Environ. Radioact. 181, 128-137
(2018). https://doi.org/10.1016/j.jenvrad.2017.11.001

X.Y. Zhou, B. Wang, W.M. Gao et al., A review of experimental
studies on biological effects of tritium exposure. Chinese J.
Radiol. Med. Prot. 20, 4-10 (2000). (in Chinese)

Y. Guéguen, N.D. Priest, I. Dublineau et al., In vivo animal
studies help achieve international consensus on standards and
guidelines for health risk estimates for chronic exposure to low
levels of tritium in drinking water. Environ. Mol. Mutagen. 59,
586-594 (2018). https://doi.org/10.1002/em.22200

J.M. Bertho, D. Kereselidze, L. Manens et al., Hto, Tritiated
amino acid exposure and external exposure induce differential
effects on hematopoiesis and iron metabolism. Sci. Rep. 9, 1-20
(2019). https://doi.org/10.1038/s41598-019-56453-4

P. Le Goff, M. Fromm, L. Vichot et al., Isotopic fractionation of
tritium in biological systems. Environ. Int. 65, 116-126 (2014).
https://doi.org/10.1016/j.envint.2013.12.020

M.P. Little, R. Wakeford, Systematic review of epidemiological
studies of exposure to tritium. J. Radiol. Prot. 28, 9-32 (2008).
https://doi.org/10.1088/0952-4746/28/1/R01

B.J. Nie, J.M. Yang, Y. Yuan et al., Additional radiation dose
due to atmospheric dispersion of tritium evaporated from a
hypothetical reservoir. Appl. Radiat. Isot. 167, 109475 (2021).
https://doi.org/10.1016/j.apradiso.2020.109475

A. Cauquoin, P. Jean-Baptiste, C. Risi et al., The global distri-
bution of natural tritium in precipitation simulated with an
Atmospheric General Circulation Model and comparison with
observations. Earth Planet. Sci. Lett. 427, 160-170 (2015).
https://doi.org/10.1016/j.epsl.2015.06.043

B. Feng, B. Chen, C. Zhao et al., Application of a liquid scin-
tillation system with 100-ml counting vials for environmental
tritium determination: procedure optimization, performance test,
and uncertainty analysis. J. Environ. Radioact. 225, 106427
(2020). https://doi.org/10.1016/j.jenvrad.2020.106427

V. Simionov, O.G. Duliu, Atmospheric tritium dynamics around
Cernavoda nuclear power plant. Rom. Reports Phys. 62,
827-837 (2010)

B. Fiévet, J. Pommier, C. Voiseux et al., Transfer of tritium
released into the marine environment by french nuclear facilities
bordering the english channel. Environ. Sci. Technol. 47,
6696-6703 (2013). https://doi.org/10.1021/es400896t

Q. Li, J. Li, Y. Wang et al., Atmospheric short-chain chlorinated
paraffins in China, Japan, and South Korea. Environ. Sci.
Technol. 46, 11948-11954 (2012). https://doi.org/10.1021/
es302321n

TAEA, The database on nuclear power reactors. Power React.
Inf. Syst. (2021). https://pris.iaea.org/PRIS/home.aspx.

E. Furuta, K. Akiyama, H. Inoue et al., A dipping method for
radioactivity measurement in water using plastic scintillator.
J. Radioanal. Nucl. Chem. 324, 109-122 (2020). https://doi.org/
10.1007/s10967-020-07044-5

K.O. Buesseler, Opening the floodgates at Fukushima. Science
369, 621-622 (2020). https://doi.org/10.1126/science.abc1507
B.J. Nie, S. Fang, M. Jiang et al., Anthropogenic tritium:
inventory, discharge, environmental behavior and health effects.
Renew. Sustain. Energy Rev. 135, 110188 (2021). https://doi.
org/10.1016/j.rser.2020.110188

B. Feng, B. Chen, W.H. Zhuo et al., Seasonal and spatial dis-
tribution of atmospheric tritiated water vapor in mainland China.
Environ. Sci. Technol. 53, 14175-14185 (2019). https://doi.org/
10.1021/acs.est.9b03855

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

IAEA, Water Isotope System for data analysis, visualization and
Electronic Retrieval, (n.d.). https://nucleus.iaea.org/wiser/index.
aspx.

MEE (China), National pollutant environmental health risk
guildbook- physical subpart, 1st edn, Beijing, 2007.

ICRP, ICRP Publication 68, Dose Coefficients for Intakes of
Radionuclides by Workers, Vienna, 1994. https://www.icrp.org/
publication.asp?id=ICRP Publication 68.

Z. Yang, Y. Zhang, G. Guo et al., Tritium in air and environ-
mental water in Jiuquan district and its dose to population.
J. Isot. 25, 153-157 (1993). (in Chinese)

T.S. Ren, Q. Zhao, B. Chen et al., Tritium concentration and
variation in environmental waters of China. Chinese J. Radiol.
Med. Prot. 21, 381-387 (2001). (in Chinese)

T. Okai, Y. Takashima, Tritium concentrations in atmospheric
water vapor, hydrogen and hydrocarbons in Fukuoka. Int.
J. Radiat. Appl. Instrumentation. 42, 389-393 (1991). https://
doi.org/10.1016/0883-2889(91)90143-0O

T. Okai, N. Momoshima, Y. Takashima et al., Variation of
atmospheric tritium concentrations in three different chemical
forms in Fukuoka. Japan T. 239, 527-531 (1999)

M. Sasaki, H. Kimura, H. Kudou, et al., Concentrations of tri-
tium in water vapor and precipitation on Mt. Hakkoda, J.
Radioanal. Nucl. Chem. 243, 299-303 (2000). https://doi.org/10.
1023/A:1016024619727.

J.G. Lu, YJ. Huang, L.H. Wang et al., 3H and *°Sr background
in water around Tianwan NPP. China. Radiat. Meas. 42, 74-79
(2007). https://doi.org/10.1016/j.radmeas.2006.06.006

Y. Guo, Comparison of tritium concentration in rainwater and
atmosphere around TNPS before and after commercial service.
Radiat. Prot. 34, 38-40 (2014). https://doi.org/10.3969/].issn.
1000-8187.2014.01.008 (in Chinese)

T. Uda, M. Tanaka, T. Sugiyama, et al., The background levels
of atmospheric tritium concentration in the environment at NIFS
Toki site of Japan. Fusion Sci. Technol. 54, 281-284 (2008).
https://doi.org/10.13182/FST08-A1813.

N. Akata, H. Kakiuchi, N. Shima et al., Tritium concentrations
in the atmospheric environment at Rokkasho, Japan before the
final testing of the spent nuclear fuel reprocessing plant.
J. Environ. Radioact. 102, 837-842 (2011). https://doi.org/10.
1016/j.jenvrad.2011.05.005

Q. Chen, G. Gong, D. Hu, et al., Research on the sampling of
tritium in air in the radiation environmental monitoring around
the nuclear power plants. In: Annu. Conf. Radiat. Prot. China,
2012, 133-138 (2012) (in Chinese)

J. Wang, Q. Lin, R. Zhou et al., Tritium activity concentration
levels in environmental water in Guangdong Province. Radiat.
Prot. 37, 265-273 (2017). (in Chinese)

ZM. Wu, X. Zheng, Tritium concentrations in the atmosphere
and rain. Radiat. Prot. 1, 63-65 (1994)

Q. Xu, L. Qin, Z. Xia et al., Distribution of atmospheric multi-
forms tritium in the vicinities of Qinshan nuclear power plants.
Nucl. Tech. 42, 070601 (2019). (in Chinese)

M. Liang, Y. Ma, S. Ni et al., Analysis of tritium level around
Qinshan NPP base. Radiat. Prot. 29, 255-260 (2009)

Y. Du, X. Deng, W. Mao et al., Tritium distribution character-
istics and evaluation of effective public annual dose around
China Nuclear Power Institute. Radiat. Prot. 1, 33-38 (2021). (in
Chinese)

L. Zhang, W. Mao, B. Li et al., Tritium level around HFETR in
Sichuan province. Chin. J. Radiol. Heal. 27, 74-76 (2018). (in
Chinese)

J. Yang, B. Lian, Y. Zhao et al., Assessment of internal dose
from tritium of Qinshan Nuclear Power Base. Radiat. Prot. 40,
353-356 (2020). (in Chinese)

@ Springer


https://doi.org/10.5194/acp-20-3555-2020
https://doi.org/10.5194/acp-20-3555-2020
https://doi.org/10.1016/j.jenvrad.2017.11.001
https://doi.org/10.1002/em.22200
https://doi.org/10.1038/s41598-019-56453-4
https://doi.org/10.1016/j.envint.2013.12.020
https://doi.org/10.1088/0952-4746/28/1/R01
https://doi.org/10.1016/j.apradiso.2020.109475
https://doi.org/10.1016/j.epsl.2015.06.043
https://doi.org/10.1016/j.jenvrad.2020.106427
https://doi.org/10.1021/es400896t
https://doi.org/10.1021/es302321n
https://doi.org/10.1021/es302321n
https://pris.iaea.org/PRIS/home.aspx
https://doi.org/10.1007/s10967-020-07044-5
https://doi.org/10.1007/s10967-020-07044-5
https://doi.org/10.1126/science.abc1507
https://doi.org/10.1016/j.rser.2020.110188
https://doi.org/10.1016/j.rser.2020.110188
https://doi.org/10.1021/acs.est.9b03855
https://doi.org/10.1021/acs.est.9b03855
https://nucleus.iaea.org/wiser/index.aspx
https://nucleus.iaea.org/wiser/index.aspx
https://www.icrp.org/publication.asp?id=ICRP
https://www.icrp.org/publication.asp?id=ICRP
https://doi.org/10.1016/0883-2889(91)90143-O
https://doi.org/10.1016/0883-2889(91)90143-O
https://doi.org/10.1023/A:1016024619727
https://doi.org/10.1023/A:1016024619727
https://doi.org/10.1016/j.radmeas.2006.06.006
https://doi.org/10.3969/j.issn.1000-8187.2014.01.008
https://doi.org/10.3969/j.issn.1000-8187.2014.01.008
https://doi.org/10.13182/FST08-A1813
https://doi.org/10.1016/j.jenvrad.2011.05.005
https://doi.org/10.1016/j.jenvrad.2011.05.005

86

Page 16 of 19

B. Feng and W.-H. Zhuo

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

L. Zhen, Y. Lin, Emission from Yangjiang nuclear power plant
and radioactive levels of tritium in environmental samples.
Nucl. Saf. 18, 12-17 (2019). (in Chinese)

F. Deng, Q. Lin, J. Wang et al., Tritium discharged by Daya Bay
nuclear power plant and its environmental impact. Environ.
Chem. 5, 956-963 (2016). (in Chinese)

L. Qin, Z. Xia, S. Gu et al., Measurement of atmospheric tritium
in different chemical forms in the vicinities of nuclear facilities.
Nucl. Tech. 41, 100604 (2018). (in Chinese)

K. Matsuura, Y. Sasa, C. Nakamura et al., Levels of tritium
concentration in the environmental samples around JAERI
TOKAL J. Radioanal. Nucl. Chem. Artic. 197, 295-307 (1995).
https://doi.org/10.1007/BF02036007

M. Fukui, S. Kimura, Oxidized tritium around a research reactor
site. J. Nucl. Sci. Technol. 42, 816-824 (2005). https://doi.org/
10.1080/18811248.2004.9726451

M. Tanaka, T. Uda, Variation of atmospheric tritium concen-
tration in three chemical forms at Toki, Japan: 2004—12. Radiat.
Prot. Dosimetry. 167, 187-191 (2015). https://doi.org/10.1093/
rpd/ncv241

H. Fujita, Y. Kokubun, J. Koarashi, Environmental tritium in the
vicinities of tokai reprocessing plant. J. Nucl. Sci. Technol. 44,
1474-1480  (2007). https://doi.org/10.1080/18811248.2007.
9711395

S. Hirao, H. Kakiuchi, Investigation of atmospheric tritiated
water vapor level around the Fukushima Daiichi nuclear power
plant. Fusion Eng. Des. 171, 112556 (2021). https://doi.org/10.
1016/j.fusengdes.2021.112556

J. Koarashi, S. Mikami, K. Akiyama et al., Determination of
chemical forms of 3H released to the atmosphere from the Tokai
Reprocessing Plant. J. Radioanal. Nucl. Chem. 262, 569-572
(2004). https://doi.org/10.1007/s10967-004-0477-8

J. Liu, Discussion on applicability of tritium recovery sequence
of meteoric precipitation in plain area of Tarim basin. Water
Resour. Plan. Des. 1, 31-35 (2021). https://doi.org/10.3969/j.
issn.1672-2469.2021.01.008 (in Chinese)

Y. Meng, G. Liu, A comparative study in tritium in precipitation
in four Chinese cities with different climate regimes. Environ.
Earth Sci. 76, 1-11 (2017). https://doi.org/10.1007/s12665-017-
6574-0

L. Zhao, Y. Ruan, H. Xiao et al., Application of radioactivity
tritium isotope in studying water cycle of the heihe river basin.
Quat. Sci. 34, 959-972 (2014). https://doi.org/10.3969/
j-issn.1001-7410.2014.05.06 (in Chinese)

J. Yang, Y. Zhang, S. Ye et al., Characteristics of tritium dis-
tribution in precipitation in Nanjing. J. Nanjing Univ. (Natural
Sci.) 46, 432439 (2010) (in Chinese)

C. Wan, K. Li, S. Shen et al., Using tritium and 222Rn to esti-
mate groundwater discharge and thawing permafrost contribut-
ing to surface water in permafrost regions on Qinghai-Tibet
Plateau. J. Radioanal. Nucl. Chem. 322, 561-578 (2019). https://
doi.org/10.1007/s10967-019-06720-5

C. Wan, J.J. Gibson, S. Shen et al., Using stable isotopes paired
with tritium analysis to assess thermokarst lake water balances
in the Source Area of the Yellow River, northeastern Qinghai-
Tibet Plateau. China Sci. Total Environ. 689, 1276-1292 (2019).
https://doi.org/10.1016/j.scitotenv.2019.06.427.

T. Matsumoto, T. Maruoka, G. Shimoda et al., Tritium in
Japanese precipitation following the March 2011 Fukushima
Daiichi Nuclear Plant accident. Sci. Total Environ. 445-446,
365-370 (2013). https://doi.org/10.1016/j.scitotenv.2012.12.069
N. Matsuoka, E. Hirai, H. Tagomori et al., Meteorological
analysis of tritium concentrations in rain water collected in
Fukuoka, Japan, from 1987-1991. Sci. Total Environ. 145,
197-205 (1994). https://doi.org/10.1016/0048-9697(94)90114-7

@ Springer

65

66.

67.

68.

69.

70.

71.

72.

73

74.

75.

76.

71.

78.

79.

80.

81.

. N. Momoshima, S. Sugihara, T. Toyoshima et al., Seasonal
variability of tritium and ion concentrations in rain at Kuma-
moto, Japan and back-trajectory analysis of air mass. Fusion Sci.
Technol. 54, 293-296 (2008). https://doi.org/10.13182/FSTO08-
A1816.

M.A. Gusyev, U. Morgenstern, T. Nishihara et al., Evaluating
anthropogenic and environmental tritium effects using precipi-
tation and Hokkaido snowpack at selected coastal locations in
Asia. Sci. Total Environ. 659, 1307-1321 (2019). https://doi.
org/10.1016/j.scitotenv.2018.12.342

N. Akata, M. Tanaka, H. Kato et al., Long-Term monitoring of
tritium concentration in environmental water samples collected
at Tono Area. Japan. Plasma Fusion Res. 11, 1305032 (2016).
https://doi.org/10.1585/pfr.11.1305032

S. Nakasone, A. Ishimine, Y. Ishizu et al., Recent tritium con-
centration of monthly precipitation in Japan. Radiat. Prot.
Dosim. 184, 334-337 (2019). https://doi.org/10.1093/rpd/
ncz087

S. Sugihara, M. Tanaka, T. Tamari et al., Behavior of environ-
mental tritium at NIFS Toki site of Japan. Fusion Sci. Technol.
60, 1300-1303 (2011). https://doi.org/10.13182/FST11-A12669.
T. Maruoka, T. Kawamuto, T. Ohno et al., Tritium and iodine-
129 concentrations in precipitation at Tsukuba, Japan, after the
Fukushima Daiichi Nuclear Power Plant accident. Geochem. J.
51, 449-455 (2017). https://doi.org/10.2343/geochem;j.2.0423
J.S. Chae, S.K. Lee, Y. Kim et al., Distribution of tritium in
water vapour and precipitation around wolsung nuclear power
plant. Radiat. Prot. Dosimetry. 146, 330-333 (2011). https://doi.
org/10.1093/rpd/ncr182

C.K. Kim, B.H. Rho, K.J. Lee, Environmental tritium in the
areas adjacent to Wolsong nuclear power plant. J. Environ.
Radioact. 41, 217-231 (1998). https://doi.org/10.1016/S0265-
931X(97)00093-3

. K.J. Kim, Y. Choi, Y.Y. Yoon, Monitoring "Be and tritium in
rainwater in Daejeon, Korea and its significance. Appl. Radiat.
Isot. 109, 470-473 (2016). https://doi.org/10.1016/j.apradiso.
2015.11.094

K. Ha, Y.Y. Yoon, K.Y. Lee et al., Seasonal variation in the
isotopic contents of precipitation in Korea. J. Radioanal. Nucl.
Chem. 296, 389-395 (2013). https://doi.org/10.1007/s10967-
012-2077-3

Y.Y. Yoon, D.C. Koh, K.Y. Lee et al., Seasonal variation of "Be
and *H in Korean ambient air and rain. J. Radioanal. Nucl.
Chem. 307, 1629-1633 (2016). https://doi.org/10.1007/s10967-
015-4340-x

Y.Y. Yoon, K.Y. Lee, K.S. Ko, Development and validation of
Ni-Ni electrolytic enrichment method for tritium determination
in samples of underground waters of Jeju Island. J. Radioanal.
Nucl. Chem. 286, 591-595 (2010). https://doi.org/10.1007/
$10967-010-0731-1

J.S. Chae, G. Kim, Seasonal and spatial variations of tritium in
precipitation in Northeast Asia (Korea) over the last 20 years.
J. Hydrol. 574, 794-800 (2019). https://doi.org/10.1016/j.jhy
drol.2019.04.058

T. Ren, Q. Zhao, B. Chen et al., Tritium concentration and
variation of tap water in China. Chinese Prev. Med. 1, 16-18
(2000).  https://doi.org/10.16506/j.1009-6639.2000.01.006  (in
Chinese)

G.Y. Zhu, W.H. Wang, B.R. Chen, Tritium level in diet and
tritium ingestion of residents of shanghai city. Radiat. Prot. 16,
129-133 (1996). (in Chinese)

W. Wang, G. Zhu, B. Chen, Investigation on tritium level in
environmental water in Shanghai. Chinese J. Radiol. Heal. 4,
24-25 (1995). (in Chinese)

B. Shen, Y. Ji, Q. Tian et al., Investigation of tritium concen-
tration in drinking water nuclear power plants. Chinese J.


https://doi.org/10.1007/BF02036007
https://doi.org/10.1080/18811248.2004.9726451
https://doi.org/10.1080/18811248.2004.9726451
https://doi.org/10.1093/rpd/ncv241
https://doi.org/10.1093/rpd/ncv241
https://doi.org/10.1080/18811248.2007.9711395
https://doi.org/10.1080/18811248.2007.9711395
https://doi.org/10.1016/j.fusengdes.2021.112556
https://doi.org/10.1016/j.fusengdes.2021.112556
https://doi.org/10.1007/s10967-004-0477-8
https://doi.org/10.3969/j.issn.1672-2469.2021.01.008
https://doi.org/10.3969/j.issn.1672-2469.2021.01.008
https://doi.org/10.1007/s12665-017-6574-0
https://doi.org/10.1007/s12665-017-6574-0
https://doi.org/10.1007/s10967-019-06720-5
https://doi.org/10.1007/s10967-019-06720-5
https://doi.org/10.1016/j.scitotenv.2019.06.427
https://doi.org/10.1016/j.scitotenv.2012.12.069
https://doi.org/10.1016/0048-9697(94)90114-7
https://doi.org/10.13182/FST08-A1816
https://doi.org/10.13182/FST08-A1816
https://doi.org/10.1016/j.scitotenv.2018.12.342
https://doi.org/10.1016/j.scitotenv.2018.12.342
https://doi.org/10.1585/pfr.11.1305032
https://doi.org/10.1093/rpd/ncz087
https://doi.org/10.1093/rpd/ncz087
https://doi.org/10.13182/FST11-A12669
https://doi.org/10.2343/geochemj.2.0423
https://doi.org/10.1093/rpd/ncr182
https://doi.org/10.1093/rpd/ncr182
https://doi.org/10.1016/S0265-931X(97)00093-3
https://doi.org/10.1016/S0265-931X(97)00093-3
https://doi.org/10.1016/j.apradiso.2015.11.094
https://doi.org/10.1016/j.apradiso.2015.11.094
https://doi.org/10.1007/s10967-012-2077-3
https://doi.org/10.1007/s10967-012-2077-3
https://doi.org/10.1007/s10967-015-4340-x
https://doi.org/10.1007/s10967-015-4340-x
https://doi.org/10.1007/s10967-010-0731-1
https://doi.org/10.1007/s10967-010-0731-1
https://doi.org/10.1016/j.jhydrol.2019.04.058
https://doi.org/10.1016/j.jhydrol.2019.04.058
https://doi.org/10.16506/j.1009-6639.2000.01.006

Levels and behavior of environmental...

Page 17 of 19 86

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Radiol. Med. Prot. 33, (2013). https://doi.org/10.3760/cma.j.
issn.0254-5098.2013.05.020 (in Chinese)

J. Lu, G. Wu, W. Zhang et al., Investigation of tritium levels in
environmental waters of Suzhou and Qinshan Nuclear Power
Plant. Chin. J. Radiol. Heal. 19, 454455 (2010). CNKI:-
SUN:REDI.0.2010-04-039 (in Chinese)

C. Wan, K. Li, H. Zhang et al., Integrating isotope mass balance
and water residence time dating: insights of runoff generation in
small permafrost watersheds from stable and radioactive iso-
topes. J. Radioanal. Nucl. Chem. 326, 241-254 (2020). https:/
doi.org/10.1007/s10967-020-07315-1

X. G. Huang, J. H. Ping, Y. Yu et al., Groundwater renewability
study based on tritium (3H) in the middle and lower catchment
of Anyang River (in Chinese), Geoscience. 34, 1-15 (2020).
https://doi.org/10.19657/j.geoscience.1000-8527.2020.066.

J. A. Xu, W. N. Chen, Q. T. Li et al., Tritium levels in seawater
around Haiyang nuclear power plant. Chinese J. Radiol. Heal.
22, 732-734 (2013). https://doi.org/10.13491/j.cnki.issn.1004-
714x.2013.06.039 (in Chinese)

H. Liao, F. Lin, Measurement of tritium in the marine envi-
ronment and its applications. Shandong Chem. Ind. 49, 274-275
(2020). (in Chinese)

F. Lin, T. Yu, Optimization of liquid scintillation counting
conditions for tritium determination in sea water (in Chinese).
J. Appl. Oceanogr. 35, 579-584 (2016). (in Chinese)

K. Tonosaki, H. Kudoh, H. Kimura, Tritium concentrations of
natural waters in Rokkasho-mura. J. Radioanal. Nucl. Chem.
243, 579-585 (2000). https://doi.org/10.1023/A:1016091912400
S. Sugihara, A. Hirose, N. Momoshima, et al., Background tri-
tium concentrations of river and lake waters in Japan. Fusion
Sci. Technol. 54, 289-292 (2008). https://doi.org/10.13182/
FSTO08-A1815.

H. Hasegawa, S. Ueda, H. Kakimoto et al., Tritium concentra-
tion in river water and groundwater collected in Rokkasho,
Aomori, Japan. Fusion Sci. Technol. 60, 1260-1263 (2011).
https://doi.org/10.13182/FST11-A12659.

S. Ueda, H. Kakiuchi, K. Kondo et al., Tritium concentration in
fresh, brackish and sea-water samples in Rokkasho-Village,
Japan, bordered by nuclear fuel cycle facilities. J. Radioanal.
Nucl. Chem. 267, 29-33 (2005). https://doi.org/10.1007/s10967-
006-0005-0

S. Ueda, H. Hasegawa, H. Kakiuchi et al., Nuclear accident-
derived *H in river water of Fukushima Prefecture during
2011-2014. J. Environ. Radioact. 146, 102-109 (2015). https://
doi.org/10.1016/j.jenvrad.2015.04.014

M. Aoyama, S. Charmasson, Y, Hamajima et al., Tritium
activity concentration and behaviour in coastal regions of
Fukushima in 2014 (preprint). Biogeosciences. (2021). https://
doi.org/10.5194/bg-2021-10.

R. Querfeld, A.E. Pasi, K. Shozugawa et al., Radionuclides in
surface waters around the damaged Fukushima Daiichi NPP one
month after the accident: Evidence of significant tritium release
into the environment. Sci. Total Environ. 689, 451-456 (2019).
https://doi.org/10.1016/j.scitotenv.2019.06.362

Y. Shiho, S. Naoaki, T, Yoshitaka et al., Water quality and
tritium concentration of groundwater and spring water at
vicinities of coast area in Minamisoma city, Fukushima pre-
fecture, 2015. (in Japanese)

N. Takahata, Y. Tomonaga, Y. Kumamoto et al., Direct tritium
emissions to the ocean from the Fukushima Dai-ichi Nuclear
accident. Geochem. J. 52, 211-217 (2018). https://doi.org/10.
2343/geochem;j.2.0499

C. Kim, Y. Cho, K. Kim, Tritium concentrations in surface
seawater around Korean peninsula. J. Radiat. Prot. 21, 107-115
(1996). (in Korean)

98

99

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

. JK. Son, H.G. Kim, T.Y. Kong et al., Radiological effluents
released and public doses from nuclear power plants in korea.
Radiat. Prot. Dosimetry. 155, 517-521 (2013). https://doi.org/
10.1093/rpd/nct024

. K. Shozugawa, M. Hori, T.E. Johnson et al., Landside tritium

leakage over through years from Fukushima Dai-ichi nuclear

plant and relationship between countermeasures and contami-
nated water. Sci. Rep. 10, 1-9 (2020). https://doi.org/10.1038/
s41598-020-76964-9

TEPPOC, Monitoring at the East Side of Unit 1-4 Turbine

Buildings, (2020). https://www4.tepco.co.jp/en/nu/fukushima-

np/f1/smp/index-e.html.

T. Mizutani, J. Koarashi, M. Takeishi, Monitoring of low-level

radioactive liquid effluent in Tokai reprocessing plant. J. Nucl.

Sci. Technol. 46, 665-672 (2009). https://doi.org/10.1080/

18811248.2007.9711573

J. Koarashi, S. Mikami, A. Nakada et al., Monitoring method-

ologies and chronology of radioactive airborne releases from

Tokai reprocessing plant. J. Nucl. Sci. Technol. 45, 462-465

(2008). https://doi.org/10.1080/00223131.2008.10875890

Y.H. Qiao, L. Wang, Y.L. Ye et al., Analysis of tritium release

and concentration limitation from NPPs. Nucl. Sci. Eng. 37,

434-441 (2017). (in Chinese)

TIAEA, Setting authorized limits for radioactive discharges:

Practical issues to consider (IAEA-TECDOC-1638), Vienna

(2010).

T. Gleeson, K.M. Befus, S. Jasechko et al., The global volume

and distribution of modern groundwater. Nat. Geosci. 9,

161-164 (2016). https://doi.org/10.1038/nge02590

C.K. Kim, M.J. Han, Dose assessment and behavior of tritium in

environmental samples around Wolsong nuclear power plant.

Appl. Radiat. Isot. 50, 783-791 (1999). https://doi.org/10.1016/

S0969-8043(98)00075-X

Y. Lu, C. Tang, J. Chen et al., Spatial characteristics of water

quality, stable isotopes and tritium associated with groundwater

flow in the Hutuo River alluvial fan plain of the North China

Plain. Hydrogeol. J. 16, 10031015 (2008). https://doi.org/10.

1007/s10040-008-0292-3

Y. Mahara, M. Kawanishi, H. Kakiuchi et al., Proposal of

groundwater survey method using geochemical techniques.

Characteristics of groundwater flow at the Rokkasho site, Abiko

(1996). (in Japanese)

J. Matsutani, T. Tanaka, M. Tsujimura, Residence times of soil,

ground, and discharge waters in a mountainous headwater basin,

central Japan, traced by tritium, Tracers Hydrol. Proc. Int.

Symp. Yokohama, pp 57-63 (1993).

T. Tanaka, M. Tsujimura, Integration of tracer techniques and

hydrometric approaches in catchment hydrology: Research on

hydrological processes in the Kawakami experimental basin,

central Japan, IAHS-AISH Publ., pp 135-141 (1999).

J.S. Ahn, Y.K. Koh, Tritium monitoring of precipitation and

dating of groundwater in Korea. Fusion Technol. 28, 793-796

(1995). https://doi.org/10.13182/fst95-a30501.

Y.K. Koh, C.S. Kim, D.S. Bae et al., Geochemical modeling of

groundwater in Granitic Terrain the Yeongcheon area. J. Korean

Soc. Groundw. Environ. 5, 192-202 (1998). (in Korean)

D. Han, C. Kohfahl, X. Song et al., Geochemical and isotopic

evidence for palaco-seawater intrusion into the south coast

aquifer of Laizhou Bay. China. Appl. Geochem. 26, 863-883

(2011). https://doi.org/10.1016/j.apgeochem.2011.02.007

D.M. Han, X.F. Song, M.J. Currell et al., Chemical and isotopic

constraints on evolution of groundwater salinization in the

coastal plain aquifer of Laizhou Bay. China. J. Hydrol. 508,

12-27 (2014). https://doi.org/10.1016/j.jhydrol.2013.10.040

S. Wang, Hydrochemical and isotopic characteristics of

groundwater in the Yangqi Basin of Xinjiang province, northwest

@ Springer


https://doi.org/10.3760/cma.j.issn.0254-5098.2013.05.020
https://doi.org/10.3760/cma.j.issn.0254-5098.2013.05.020
https://doi.org/10.1007/s10967-020-07315-1
https://doi.org/10.1007/s10967-020-07315-1
https://doi.org/10.19657/j.geoscience.1000-8527.2020.066
https://doi.org/10.13491/j.cnki.issn.1004-714x.2013.06.039
https://doi.org/10.13491/j.cnki.issn.1004-714x.2013.06.039
https://doi.org/10.1023/A:1016091912400
https://doi.org/10.13182/FST08-A1815
https://doi.org/10.13182/FST08-A1815
https://doi.org/10.13182/FST11-A12659
https://doi.org/10.1007/s10967-006-0005-0
https://doi.org/10.1007/s10967-006-0005-0
https://doi.org/10.1016/j.jenvrad.2015.04.014
https://doi.org/10.1016/j.jenvrad.2015.04.014
https://doi.org/10.5194/bg-2021-10
https://doi.org/10.5194/bg-2021-10
https://doi.org/10.1016/j.scitotenv.2019.06.362
https://doi.org/10.2343/geochemj.2.0499
https://doi.org/10.2343/geochemj.2.0499
https://doi.org/10.1093/rpd/nct024
https://doi.org/10.1093/rpd/nct024
https://doi.org/10.1038/s41598-020-76964-9
https://doi.org/10.1038/s41598-020-76964-9
https://www4.tepco.co.jp/en/nu/fukushima-np/f1/smp/index-e.html
https://www4.tepco.co.jp/en/nu/fukushima-np/f1/smp/index-e.html
https://doi.org/10.1080/18811248.2007.9711573
https://doi.org/10.1080/18811248.2007.9711573
https://doi.org/10.1080/00223131.2008.10875890
https://doi.org/10.1038/ngeo2590
https://doi.org/10.1016/S0969-8043(98)00075-X
https://doi.org/10.1016/S0969-8043(98)00075-X
https://doi.org/10.1007/s10040-008-0292-3
https://doi.org/10.1007/s10040-008-0292-3
https://doi.org/10.13182/fst95-a30501
https://doi.org/10.1016/j.apgeochem.2011.02.007
https://doi.org/10.1016/j.jhydrol.2013.10.040

86

Page 18 of 19

B. Feng and W.-H. Zhuo

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

China. Environ. Earth Sci. 71, 427-440 (2014). https://doi.org/
10.1007/s12665-013-2450-8

W. Mu, X. Wu, C. Wu et al., Hydrochemical and environmental
isotope characteristics of groundwater in the Hongjiannao Lake
Basin, Northwestern China. Environ. Earth Sci. 80, 1-21 (2021).
https://doi.org/10.1007/s12665-020-09281-z

Y. Sun, S.G. Xu, P.P. Kang et al., Impacts of artificial under-
ground reservoir on groundwater environment in the reservoir
and downstream area. Int. J. Environ. Res. Public Health. 16,
1921 (2019). https://doi.org/10.3390/ijerph16111921

X. Wu, X.S. Wang, Y. Wang et al., Origin of water in the
Badain Jaran Desert, China: New insight from isotopes. Hydrol.
Earth Syst. Sci. 21, 4419-4431 (2017). https://doi.org/10.5194/
hess-21-4419-2017

W. Wang, G. Zhang, C. Liu, Using environmental isotopes to
evaluate the renewable capacity of a typical karst groundwater
system in northern China. Environ. Earth Sci. 77, 1-11 (2018).
https://doi.org/10.1007/s12665-018-7425-3

C. Guo, J. Shi, Z. Zhang et al., Using tritium and radiocarbon to
determine groundwater age and delineate the flow regime in the
Taiyuan Basin. China. Arab. J. Geosci. 12, 1-14 (2019). https://
doi.org/10.1007/s12517-019-4371-7

H. Hasegawa, S. Ueda, N. Akata et al., Tritium activity con-
centrations and residence times of groundwater collected in
Rokkasho. Japan. Radiat. Prot. Dosimetry. 167, 201-205 (2015).
https://doi.org/10.1093/rpd/ncv244

K. Kashiwaya, Y. Muto, T. Kubo et al., Spatial variations of
tritium concentrations in groundwater collected in the southern
coastal region of Fukushima, Japan, after the nuclear accident.
Sci. Rep. 7, 1-9 (2017). https://doi.org/10.1038/s41598-017-
12840-3

D.C. Koh, G.T. Chae, Y.Y. Yoon et al., Baseline geochemical
characteristics of groundwater in the mountainous area of Jeju
Island, South Korea: Implications for degree of mineralization
and nitrate contamination. J. Hydrol. 376, 81-93 (2009). https://
doi.org/10.1016/j.jhydrol.2009.07.016

J. Lee, B. Jung, J.M. Kim et al., Determination of groundwater
flow regimes in underground storage caverns using tritium and
helium isotopes. Environ. Earth Sci. 63, 763-770 (2011). https://
doi.org/10.1007/s12665-010-0747-4

B.Y. Choi, S.T. Yun, S.Y. Yu et al., Hydrochemistry of urban
groundwater in Seoul, South Korea: Effects of land-use and
pollutant recharge. Environ. Geol. 48, 979-990 (2005). https://
doi.org/10.1007/s00254-004-1205-y

Y.Y. Jung, D.C. Koh, Y.Y. Yoon et al., Using stable isotopes
and tritium to delineate groundwater flow systems and their
relationship to streams in the Geum River basin. Korea.
J. Hydrol. 573, 267-280 (2019). https://doi.org/10.1016/j.jhy
drol.2019.03.084

C.K. Kim, S.K. Lee, B.H. Rho et al., Environmental distribution
and behavior of 3H and 14C around Wolsong Nuclear Power
Plants. Health Phys. 78, 693-699 (2000). https://doi.org/10.
1097/00004032-200006000-00013

Y.Y. Yoon, K.Y. Lee, K.S. Ko, C-14 and H-3 contents in the
groundwater around radioactive repository site in Korea.
J. Radioanal. Nucl. Chem. 284, 591-595 (2010). https://doi.org/
10.1007/s10967-010-0504-x

S.B. Kim, J. Roche, Empirical insights and considerations for
the OBT inter-laboratory comparison of environmental samples.
J. Environ. Radioact. 122, 79-85 (2013). https://doi.org/10.
1016/j.jenvrad.2013.03.001

S.B. Kim, N. Baglan, P.A. Davis, Current understanding of
organically bound tritium (OBT) in the environment. J. Environ.
Radioact. 126, 83-91 (2013). https://doi.org/10.1016/j.jenvrad.
2013.07.011

@ Springer

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

G. Jia, Loose water tritium distribution in soil around CIAE and
its impact on the environment. J. Radioanal. Nucl. Chem. 207,
193-204 (1996). https://doi.org/10.1007/BF02036539

S.B. Kim, V. Korolevych, Quantification of exchangeable and
non-exchangeable organically bound tritium (OBT) in vegeta-
tion. J. Environ. Radioact. 118, 9—-14 (2013). https://doi.org/10.
1016/j.jenvrad.2012.11.006

L. Du, Q. Zhang, Z.H. Xia et al., Occurrence of HTO and NE-
OBT in soil in the vicinities of the Qinshan Nuclear Power Plant.
Nucl. Sci. Tech. 27, (2016). https://doi.org/10.1007/s41365-016-
0087-5.

W.F. Wu, Y. Feng, F. Guo et al., Distribution characteristics of
tritiated water in cultivated soil of surrounding environment of
Qinshan Nuclear Power Base. J. Shanxi Agric. Sci. 48, 598-602,
608 (2020). https://doi.org/10.3969/j.issn.1002-2481.2020.04.27
(in Chinese)

H.F. Shen, L. Du, W. Liu, HTO activity concentrations in soil
and plants in the vicinities of Qinshan Nuclear Power Plant
Base. Appl. Radiat. Isot. 153, 108804 (2019). https://doi.org/10.
1016/j.apradiso.2019.108804

Q. Zhang, L. Du, Z.W. Ma et al., Study on distribution of dif-
ferent forms of tritium in grassland around Qinshan nuclear
power station. Nucl. Tech. 41, 120601 (2018). https://doi.org/10.
11889/.0253-3219.2018.hjs.41.120601 (in Chinese)

Q. Zhang, L. Du, Z.Q. Dai et al., Studies of particle size dis-
tribution of non-exchangeable organically bound tritium activi-
ties in the soil around Qinshan Nuclear Power Plant. J. Environ.
Radioact. 192, 362-367 (2018). https://doi.org/10.1016/j.jenv
rad.2018.07.004

Y.T.S. Hisamatsu, T. Katsumata, Tritium concentration in pine
needle litter and soil samples. J. Radiat. 39, 68-70 (1998).
https://doi.org/10.1269/jrr.39.129

S.B. Kim, M. Bredlaw, V.Y. Korolevych, HTO and OBT
activity concentrations in soil at the historical atmospheric HT
release site (Chalk River Laboratories). J. Environ. Radioact.
103, 34-40 (2012). https://doi.org/10.1016/j.jenvrad.2011.08.
013

S. Hisamatsu, T. Katsumata, T. Katsumata et al., Tritium con-
centration in akita city diet. Health Phys. 63, 393-397 (1992).
https://doi.org/10.1097/00004032-199210000-00002

C.K. Kim, Y.W. Cho, M.J. Han et al., Tritium distribution in
some environmental sample-rices, chinese cabbages and pine
needles in Korea. J. Radiat. Prot. 17, 25-35 (1992). (in Korean)
G.Y. Zhu, W.H. Wang, Tritium distribution of rice samples in
Shanghai. Chin J. Radiol. Med. Prot. 19, 433-435 (1999). (in
Chinese)

D. Meng, W. Wang, Y. Du et al., Tritium distribution in typical
plants around tritium laboratory in south-west of China. J. Env-
iron. Radioact. 227, 106504 (2021). https://doi.org/10.1016/].
jenvrad.2020.106504

N. Akata, H. Kakiuchi, T. Tamari et al., FWT and OBT con-
centrations in pine needle samples collected at Toki, Japan
(1998-2012). Radiat. Prot. Dosimetry. 167, 210-214 (2015).
https://doi.org/10.1093/rpd/ncv246

K. Tanaka, A. Shimada, A. Hoshi et al., Radiochemical analysis
of rubble and trees collected from Fukushima Daiichi Nuclear
Power Station. J. Nucl. Sci. Technol. 51, 1032-1043 (2014).
https://doi.org/10.1080/00223131.2014.921583

H. Kakiuchi, N. Akata, H. Hasegawa et al., Concentration of ‘0
in plants around Fukushima Dai-ichi Nuclear Power Station. Sci.
Rep. 2, 11-13 (2012). https://doi.org/10.1038/srep00947

S. Hisamatsu, H. Amano, K. Isogai et al., Organically-bound 3H
concentration in rice around atomic energy facilities. Health
Phys. 74, 448-450 (1998). https://doi.org/10.1097/00004032-
199804000-00005


https://doi.org/10.1007/s12665-013-2450-8
https://doi.org/10.1007/s12665-013-2450-8
https://doi.org/10.1007/s12665-020-09281-z
https://doi.org/10.3390/ijerph16111921
https://doi.org/10.5194/hess-21-4419-2017
https://doi.org/10.5194/hess-21-4419-2017
https://doi.org/10.1007/s12665-018-7425-3
https://doi.org/10.1007/s12517-019-4371-7
https://doi.org/10.1007/s12517-019-4371-7
https://doi.org/10.1093/rpd/ncv244
https://doi.org/10.1038/s41598-017-12840-3
https://doi.org/10.1038/s41598-017-12840-3
https://doi.org/10.1016/j.jhydrol.2009.07.016
https://doi.org/10.1016/j.jhydrol.2009.07.016
https://doi.org/10.1007/s12665-010-0747-4
https://doi.org/10.1007/s12665-010-0747-4
https://doi.org/10.1007/s00254-004-1205-y
https://doi.org/10.1007/s00254-004-1205-y
https://doi.org/10.1016/j.jhydrol.2019.03.084
https://doi.org/10.1016/j.jhydrol.2019.03.084
https://doi.org/10.1097/00004032-200006000-00013
https://doi.org/10.1097/00004032-200006000-00013
https://doi.org/10.1007/s10967-010-0504-x
https://doi.org/10.1007/s10967-010-0504-x
https://doi.org/10.1016/j.jenvrad.2013.03.001
https://doi.org/10.1016/j.jenvrad.2013.03.001
https://doi.org/10.1016/j.jenvrad.2013.07.011
https://doi.org/10.1016/j.jenvrad.2013.07.011
https://doi.org/10.1007/BF02036539
https://doi.org/10.1016/j.jenvrad.2012.11.006
https://doi.org/10.1016/j.jenvrad.2012.11.006
https://doi.org/10.1007/s41365-016-0087-5
https://doi.org/10.1007/s41365-016-0087-5
https://doi.org/10.3969/j.issn.1002-2481.2020.04.27
https://doi.org/10.1016/j.apradiso.2019.108804
https://doi.org/10.1016/j.apradiso.2019.108804
https://doi.org/10.11889/j.0253-3219.2018.hjs.41.120601
https://doi.org/10.11889/j.0253-3219.2018.hjs.41.120601
https://doi.org/10.1016/j.jenvrad.2018.07.004
https://doi.org/10.1016/j.jenvrad.2018.07.004
https://doi.org/10.1269/jrr.39.129
https://doi.org/10.1016/j.jenvrad.2011.08.013
https://doi.org/10.1016/j.jenvrad.2011.08.013
https://doi.org/10.1097/00004032-199210000-00002
https://doi.org/10.1016/j.jenvrad.2020.106504
https://doi.org/10.1016/j.jenvrad.2020.106504
https://doi.org/10.1093/rpd/ncv246
https://doi.org/10.1080/00223131.2014.921583
https://doi.org/10.1038/srep00947
https://doi.org/10.1097/00004032-199804000-00005
https://doi.org/10.1097/00004032-199804000-00005

Levels and behavior of environmental...

Page 19 of 19 86

148.

149.

150.

151.

152.

K. Deng, L. Wang, Z.H. Xia et al., Tritium concentrations in
precipitation in Shanghai. Nucl. Sci. Tech. 29, 1-6 (2018).
https://doi.org/10.1007/s41365-018-0412-2

P. Jean-Baptiste, E. Fourré, D. Baumier et al., Environmental
OBT / TFWT Ratios Revisited, Fusion Sci. Technol. 60,
1248-1251 (2017). https://doi.org/10.13182/FST11-A12656.

F. Zhao, S.L. Zou, S.L. Xu et al., A novel approach for
radionuclide diffusion in the enclosed environment of a marine
nuclear reactor during a severe accident. Nucl. Sci. Tech. 33,
1-13 (2022). https://doi.org/10.1007/s41365-022-01007-z

G. Steinhauser, Fukushima’s forgotten radionuclides: a review
of the understudied radioactive emissions. Environ. Sci. Tech-
nol. 48(9), 4649-4663 (2014)

R.Y. Xu, C.H. Dong, X.Q. Mao et al., Simulation results of the
online tritiated water measurement system. Nucl. Sci. Tech. 32,
1-9 (2021). https://doi.org/10.1007/s41365-021-00964-1

153.

154.

155.

M. Tanaka, N. Akata, C. Iwata, Environmental tritium around a
fusion test facility. Radiat. Prot. Dosimetry. 184, 324-327
(2019). https://doi.org/10.1093/rpd/ncz105

J. Koarashi, H. Amano, M. Andoh et al., A new method for
determining HT deposition velocity and dependence of the
velocity on environmental factors. Radiat. Prot. Dosimetry 93,
237-243 (2001). https://doi.org/10.1093/oxfordjournals.rpd.
a006435

H. Amano, T. Koma, M.A. Andoh et al., Characteristics of a
simultaneous sampling system for the speciation of atmospheric
T and 14C, and its application to surface and soil air.
J. Radioanal. Nucl. Chem. 252, 353-357 (2002). https://doi.org/
10.1023/A:1015782726049

@ Springer


https://doi.org/10.1007/s41365-018-0412-2
https://doi.org/10.13182/FST11-A12656
https://doi.org/10.1007/s41365-022-01007-z
https://doi.org/10.1007/s41365-021-00964-1
https://doi.org/10.1093/rpd/ncz105
https://doi.org/10.1093/oxfordjournals.rpd.a006435
https://doi.org/10.1093/oxfordjournals.rpd.a006435
https://doi.org/10.1023/A:1015782726049
https://doi.org/10.1023/A:1015782726049

	Levels and behavior of environmental tritium in East Asia
	Abstract
	Introduction
	Data collecting and analysis
	Literature retrieval
	Database construction
	Data analysis

	Results and discussion
	Levels of environmental tritium in East Asia in past 30 years
	Tritium levels in atmosphere in East Asia
	Atmospheric HTO in areas without nuclear facilities
	Atmospheric HTO in vicinity of nuclear facilities
	Atmospheric HT and CH3T in vicinity of nuclear facilities

	Tritium levels in precipitation
	Tritium levels in surface water
	Tritium levels in groundwater
	Tritium levels in soil and living organisms
	Tritium levels in soil
	Tritium levels in living organisms


	Conclusions and perspectives
	Open Access
	Author Contributions
	References




