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a b s t r a c t

Using several accessible published data sets, we analyzed the temporal change of 137Cs radioactivity (per
unit mass of sample) in marine sediments and investigated the effect of the water content of sediment on
the 137Cs radioactivity, to understand the behavior of 137Cs present in marine environments. The 137Cs
radioactivity in sediments decreased more slowly in the Baltic Sea (near the Chernobyl nuclear power
plant) than in the ocean near the Fukushima Daiichi nuclear power plant (FDNPP). The 137Cs radioactivity
in the sediment near the FDNPP tended to increase as the water content increased, and the water content
decreased at certain sampling sites near the FDNPP for several years. Additionally, the decrease in the
water content contributed to 51.2% of the average 137Cs radioactivity decrease rate for the same period.
Thus, it may be necessary to monitor both the 137Cs radioactivity and the water content for marine
sediments to track the 137Cs that was discharged from the sites of Chernobyl and Fukushima nuclear
power plants where severe accidents occurred.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

From the nuclear weapons tests during the 1950s and 1960s to
the Chernobyl disaster in 1986, huge amounts of artificially pro-
duced radionuclides have been released into the biosphere,
including the hydrosphere [1e14]. In Chernobyl disaster, the total
radioactivity of released 137Cs was estimated to be 4.7 PBq [15].
Additionally, in 2011, large amounts of radionuclides were dis-
charged by the Fukushima Daiichi nuclear power plant (FDNPP)
accident [2,16e18]. The activity of 137Cs radionuclide released to the
near sea of FDNPP was estimated to be 12e15 PBq [19]. Some of
these radionuclides can be detected from marine environments
(seawater, marine sediments, etc.) and marine organisms because
they directly or indirectly migrated to the ocean. Those that decay
especially slowly may have undesirable influences on marine eco-
systems for a considerable period because marine organisms can
possibly take in the radionuclides from prey that inhabited the
contaminated marine environments [3,4]. Therefore, it is of great
rch Division, Korea Atomic
on-gil, Yuseong-gu, Daejeon,

by Elsevier Korea LLC. This is an
importance to measure or estimate the contamination level of the
marine environments. For the sake of simplicity, we may evaluate
the general contamination level of a marine environment by
measuring one representative radionuclide, such as 137Cs, provided
that the environment reached a quasi-homogeneously contami-
nated condition.

Among marine environments, seawater generally has such high
mixing rates and flow speeds that the radionuclides in seawater
spread quickly into thewide seas and, thus, the overall radioactivity
decreases in a short period [5]. On the other hand, the radioactivity
of marine sediments cannot easily decrease over time, because
sediments can hold the radionuclides relatively stationary. Ac-
cording to Black et al. [6], the surface concentrations of Cs radio-
isotopes in marine sediments would take approximately 0.4e26
years to decrease by 50% at several locations near Fukushima if only
the mixing rates are considered. Such contribution to the decrease
in radioisotopes is not negligible, because the physical half-life of
137Cs is approximately 30 years. Meanwhile, marine organisms can
also contribute to the decrease, because they can accumulate
considerable amounts of radionuclides in their bodies, which affect
the marine environments and marine food webs, including fish
and, ultimately, predators such as humans [7,20]. An undesirable
increase in the radioactivity of marine environments will fatally
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influence any relevant organisms. Hence, it is very important to
sense the changes in the radioactivity of marine environments,
especially in marine sediments, to ensure the safety of sea foods.

In the following paragraphs, we explain the importance of
monitoring marine sediments near nuclear power plants that have
been damaged by severe accidents, and then we provide our data
analysis on the changes in 137Cs radioactivity occurring in samples
of the marine sediments near the Chernobyl and Fukushima nu-
clear power plants that were damaged by severe accidents. In
addition to providing the results of the analysis results, we also
discuss the effect of the water content on the 137Cs radioactivity in
some sediment samples.

2. Importance of radioactivity monitoring in marine
sediments and the behavior of radionuclides in marine
environments

Many marine organisms inhabit marine sediments as well as
seawater. Among them, microorganisms living in radioactively
contaminated environments may be an especially significant
source of radionuclide intake in high-ranking predators, because
microorganisms compose a considerable portion of the bases in
marine food chains [8,16]. Considering marine food webs, it would
be ideal tomeasure the total radioactivity of everymarine organism
that is distributed in oceans or in markets. However, it is practically
inefficient to measure the total radioactivities of all of the target
organisms within a limited time [21]. In this case, analyzing the
radioactivity data of marine sediments would be a method, such an
idea is based on much evidence attributing the contamination of
marine organisms to contaminated marine sediments [3,8,16]. If
the estimated contamination level of marine sediments represents
the overall contamination level of a wide region, including the
sediments, it may be used as an important indicator for ensuring
the safety of marine organisms as food ingredients.

Before performing a data analysis of a radionuclide that has
been released to the ocean, its stable and naturally occurring iso-
tope(s) in the ocean should be considered. In the case of Cs, for
example, stable and natural 133Cs present in land can flow into
seawater. Then, 133Cs spreads in the ocean, diffuses through the
water, and migrates with ocean currents, with some being sorbed
by the sediments. Thus, there has always been 133Cs both in the
water and in the sediments, regardless of the occurrence of severe
accidents. The ratio of 133Cs in the sediments to that in the water
can be expressed by a distribution coefficient, Kd, with 133Cs
Fig. 1. Schematic diagrams of the behavior of Cs in marine environments (a) under semi-equ
regarded as being under semi-equilibrium conditions in marine
environments [22,23]. Fig. 1(a) shows the schematic diagram for Cs
under the semi-equilibrium conditions in non-contaminated
nearshore environments. Following a severe accident at a nuclear
power plant located near an ocean, radionuclides with high mo-
bilities, such as 137Cs, can flow directly and indirectly into seawater
[9,10], as shown in Fig. 1(b). Also, 137Cs can be exist through several
mechanisms, such like direct uptake at the sediment-water inter-
face, sedimentation with organic matter, adsorption onto inorganic
compounds etc. Especially mainly 137Cs are existed as extracellular
loosely coupled cations (cations associated with organic matter and
in mineral residue) [24].

The radioactivities of the radionuclides could be fatal to marine
organisms; however, their concentrations may be very low
compared to those of their stable isotope(s). Generally, the con-
centration of 133Cs is higher (by 6e8 orders of magnitude) than that
of 137Cs, and the natural 133Cs is present in the seawater at a con-
centration of 0.3 ppb [25,26]. Hence, the 137Cs that is discharged
from the damaged power plants will not significantly affect the
semi-equilibrium of marine environments. Chemical species of the
radionuclide 137Cs will only mix with those of the natural isotope
133Cs and do not significantly change the Kd [27,28].

The radioactivity of seawater, even near the power plant
damaged by an accident, may return to the normal level within a
short period after the accident, since the mobility of radionuclides
is relatively high in the seawater. On the other hand, since the
mobility of the sediments by which radionuclides are sorbed is
relatively low and because the Kd is as high as hundreds [22], the
radioactivity in the sediments generally decreases slowly. These
statements support the validity of our focus on the sediment
samples.

3. Methodology of the data analysis

The 137Cs radioactivities (per unit mass of sample) of sediment
samples from the Baltic Sea (near the Chernobyl nuclear power
plant), were compared to those of sediment samples from the
ocean near the FDNPP. Data on the Baltic Sea sediments were ob-
tained from an International Atomic Energy Agency (IAEA) open
database. The database was established with support of labora-
tories all around the world and can be accessed via webpage of the
Marine Information System (MARiS) [17,18]. Meanwhile, data on
the marine sediment near the FDNPP were obtained from the Nu-
clear Regulation Authority (NRA) webpage [11]. TEPCO monitored
ilibrium conditions before a severe accident and (b) under conditions after an accident.
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and announced the radioactivity in the marine sediment near the
FDNPP, and NRA published their data (about two years from May
2012) including the dry weight of each marine sediment sample
divided by its wet weight and the radioactivity of each sample [11].
For radiocesium measurements, the sediment samples were dried
at 100 �C, weighed and filled into calibrated geometries at the
gamma detector (HPGe).

As for the Chernobyl nuclear power plant, which is relatively far
from oceans, weather conditions including rain and wind seemed
to greatly influence the amount of radionuclides that contaminate
the surroundings and reach the Baltic Sea. In a certain period right
after the accidents, the weather effects made it complex and diffi-
cult to determine the trend of radioactivity changes. Also, the
average amount of annual precipitation in the Baltic Sea is esti-
mated as 760 mm/y [29] and annual precipitation in the Fukushima
area is estimated as 1229 mm/y, which can be easily accessed via
webpage of the Weatherbase. The climate condition such like
annual precipitation is one of the important factors of analyzing the
radionuclide migration. However, we excluded this factor for
analysis because of complexity in climate condition. For this reason,
we analyzed only the 14-year 137Cs radioactivity data for the Baltic
Sea sediments from 2000, after which the weather effects on the
137Cs radioactivity seemed to have become relatively low. Although
the IAEA database included information on the types of sediment
samples, we simplified the types, as shown in Table 1, and used the
simple types “Mud,” “Clay and Silt,” and “Sand” to analyze the effect
of the sediment type on the decrease of the 137Cs radioactivity. The
sampling sites in the Baltic Sea are shown in Fig. 2.

To analyze the TEPCO data, we selected six out of 44 total
sampling sites while considering three criteria: (1) average 137Cs
radioactivity more than 80 Bq/kg; (2) high variances in water
content over time of marine sediments samples; and (3) water
contents higher than the average water content estimated from the
entire TEPCO data. The selected sites are shown in Fig. 3 [12]. We
analyzed the data of 137Cs radioactivities and water contents for
marine sediments sampled from May 2012 to April 2014 at the six
sites.

4. Results and discussion

4.1. Decrease of 137Cs radioactivity in marine sediments over time

Fig. 4 shows the monthly average 137Cs radioactivities in marine
sediment samples obtained for 14 years at the Baltic Sea sampling
sites. We observed that the monthly averages all decreased over
time, but at quite different rates for the three sediment types. The
monthly average for Mud decreased over time, from 2.84 � 102 Bq/
kg to 2.26 � 101 Bq/kg on the trend line, indicating the average
decrease rate of 5.29 � 10�2 Bq/(kg∙d), whereas the monthly
average for Clay and Silt decreased from 2.66 � 102 Bq/kg to
6.67 � 101 Bq/kg on the trend line, indicating the average decrease
rate of 4.54 � 10�2 Bq/(kg∙d), and that for Sand decreased from
2.35 � 101 Bq/kg to 3.4 � 10�1 Bq/kg on the trend line, indicating
relatively low values and the average decrease rate of 4.8� 10�3 Bq/
(kg∙d). These values are given in Table 2, also. Additionally, the
correlation coefficient (R2) values of these three trend lines were
Table 1
Simplified sediment types for the Baltic Sea data and original types in the

Simplified sediment types for the Baltic Sea data

Mud
Clay and Silt
Sand

IAEA, International Atomic Energy Agency.
calculated as 0.3486 (Mud), 0.0468 (Clay and Silt) and 0.1748
(Sand), and their corresponding p-values were calculated as
1.84 � 10�5, 0.2014, and 0.0301, respectively. Except for Clay and
Silt, the correlation between the 137Cs radioactivity and time
showed statistical significance, with p-values less than 0.05. Also,
we calculated the standard error as 21.93 (Mud), 48.55 (Clay and
Silt) and 3.32 (Sand), which indicate the uncertainty of statistical
analysis through the number of samples.

The decreasing trend observed for each sediment type indicates
that the chemical species of 137Cs gradually spread out in the
oceans. On the other hand, the Mud and Clay and Silt samples had
high radioactivities compared to that of the Sand samples; this
suggests that the sediments with smaller grain sizes sorbed more
137Cs because of their larger specific surface areas [9,13]. Among the
three trend lines, the line for Clay and Silt samples showed the
smallest R2 and statistically insignificant correlation. As shown in
Table 1, we grouped six different sediment types into one group
called “Clay and Silt” because of a lack of water content data. It was
thought that the insignificance for Clay and Silt seemed to be
attributed to the arbitrary grouping of sediment types.

Fig. 5 shows monthly average 137Cs radioactivities in marine
sediment samples obtained for two years at the sampling sites near
the FDNPP, as shown in Fig. 3. The 137Cs radioactivity decreased
over time, from 3.47 � 102 Bq/kg to 2.96 � 101 Bq/kg on the trend
line, indicating the average decrease rate of 4.53 � 10�1 Bq/(kg∙d).
For the trend line, the R2 and p-value were calculated as 0.3237 and
0.0022, respectively; the correlation between the 137Cs radioac-
tivity and time showed statistical significance. Also, we calculated
the standard error as 32.78, which indicate the uncertainty of sta-
tistical analysis.

These results indicate that 137Cs in marine sediment near the
FDNPP was definitely diffused and spread widely over time. In
addition, the decrease rate of 137Cs radioactivity in the marine
sediment near the FDNPP was quite high compared to those that
were estimated for the Baltic Sea sediments. This can be accounted
for by the fact that the ocean near the FDNPP is deeper and more
open than the Baltic Sea, and its currents usually move so rapidly
[14,30] that they may accelerate the spread of the radionuclides,
such as 137Cs, from sediments to wider oceans.

4.2. Correlation between 137Cs radioactivity and water content of
marine sediments

We analyzed the 137Cs radioactivity and water content data of
the Baltic Sea sediments. While we were organizing the water
content data with the 137Cs radioactivities, we observed that the
data for the Baltic Sea sediments had been classified not by water
content criteria but by sediment type. K€oster [31] reported the
correlation between water contents and sediment types for coastal
sediments of the southern Baltic Sea; generally, the sediment with
a smaller grain size gives a higher average water content. In addi-
tion, because the sediments with smaller grain sizes sorbed more
137Cs, we thought that higher water content seemed to give higher
137Cs radioactivities. There are more publications that are relevant
to this opinion [25,32,33].

As for marine sediments near the FDNPP, we analyzed the data
IAEA database.

Original sediment types used in the IAEA database

Soft Mud, Pure Mud, Mud, Mud and Clay
Clay, Pure Clay, Pure Silt, Silt and Clay, Soft Clay, Clay and Silt
Pure Fine Sand, Pure Sand, Sand, Fine Sand



Fig. 2. Locations of marine sediment sampling sites in the Baltic Sea.

Fig. 3. Locations of selected marine sediment sampling sites in the sea near the FDNPP.

Fig. 4. Monthly average 137Cs radioactivity in marine sediment samples obtained from
the Baltic Sea sites from 2000 to 2013.

J.H. Song et al. / Nuclear Engineering and Technology 52 (2020) 366e372 369
describing the dryness (defined as the dry weight divided by the
wet weight) and the 137Cs radioactivity [11], and we converted the
dryness values to the water content by using Equation (1). To
compare the water contents, we reconverted the water contents to
the relative water contents as defined in Equation (2).

(Water content) ¼ 1 � (Dryness) ¼ 1 � (Dry weight) / (Wet
weight). (1)

(Relative water content) ¼ (Water content) / (Average water con-
tent at sampling site). (2)

f each sampling sitent) ¼ (Each wain Equation (2).e-converted the
water contents to the

Fig. 6 shows a correlation between the relative water contents
and the 137Cs radioactivities in marine sediment samples obtained
at six sampling sites near the FDNPP from May 2012 to April 2014.
The relative water contents were distributed between 0.3 and 2.4,
while the 137Cs radioactivity varied from almost 0 to 2000 Bq/kg. As
the relative water content increased, the 137Cs radioactivity
increased on the trend line with R2 of 0.3997, although the data
points were scattered. The p-value of the trend linewas almost zero



Table 2
Data analysis results of137Cs radioactivity in marine sediment samples from two oceans.

Sediment samples from the Baltic Sea Sediment samples from the ocean
near FDNPP

Mud Clay and Silt Sand

Initial137Cs radioactivity (Bq/kg) in Fig. 4 or 5 2.84 � 102 2.66 � 102 2.35 � 101 3.47 � 102

Final137Cs radioactivity (Bq/kg) in Fig. 4 or 5 2.26 � 101 6.67 � 101 3.4 � 10�1 2.96 � 101

Average rate (Bq/(kg$d)) of137Cs radioactivity decrease 5.29 � 10�2 4.54 � 10�2 4.8 � 10�3 4.53 � 10�1

Total137Cs radioactivity decrease 92.1% 74.9% 98.6% 91.5%
Average rate (Bq/(kg$d)) of137Cs radioactivity decrease
due to radioactive decaya

1.53 � 10�2 1.46 � 10�2 1.3 � 10�3 2.13 � 10�2

Total137Cs radioactivity decrease divided by total sampling period* (-/d) 1.86 � 10�4 1.71 � 10�4 2.05 � 10�4 1.25 � 10�3

Total RMAWC change in Fig. 7 e e e 2.62 � 10�1

Total137Cs radioactivity change (Bq/kg) due to RMAWC change e e e 1.62 � 102b

Average rate (Bq/(kg$d)) of137Cs radioactivity decrease
due to RMAWC change

e e e 2.32 � 10�1

Contribution of RMAWC change to average rate of137Cs radioactivity decrease e e e 51.2%

FDNPP, Fukushima Daiichi nuclear power plant; RMAWC, relative monthly average water content.
*Total sampling period of the Baltic Sea sediments: January 2000 to December 2013 (Mud: 4941 days, Clay and Silt: 4382 days, Sand: 4813 days); that of FDNPP sediments:
May 2012 to April 2014.

a Half-life of 137Cs: 30.17 yr.
b ¼ (Slope of Fig. 6 (¼ 6.1982 � 102)) � (Total RMAWC change in Fig. 7).

Fig. 5. Monthly average 137Cs radioactivity in marine sediment samples obtained from
6 sampling sites near the FDNPP from May 2012 to April 2014.

Fig. 6. Relationship between relative water contents and 137Cs radioactivities in ma-
rine sediment samples obtained from six sampling sites near the FDNPP from May
2012 to April 2014 (average water content: 25.7% at a relative water content of 1.0).

Fig. 7. Relative monthly average water contents in marine sediment samples obtained
at six selected sampling sites near the FDNPP from May 2012 to April 2014 (average
water content: 25.7% at a relative water content of 1.0).
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(5 � 10�16) and showed statistical significance in the correlation
between two variables. Also, we calculated the standard error as
30.03, which indicate the uncertainty of statistical analysis through
the number of samples. This result suggested that the water con-
tent may relate to the 137Cs radioactivity in the sediments [32,33].
4.3. Contribution of considerable factors to the 137Cs radioactivity
decrease

Fig. 7 shows the relative monthly average water contents
(RMAWCs) in the marine sediment near the FDNPP over time,
where the RMAWC is defined as in Equation (3). From May 2012 to
April 2014, the RMAWC decreased by 2.62� 10�1 (more than 10% of
the initial value) in total on the trend line. The correlation coeffi-
cient (R2) and p-value of the trend line were calculated as 0.2313
and 0.0173, respectively. The p-value showed statistical significance
in correlation between the RMAWC and time. Also, we calculated
the standard error as 0.034, which indicate the uncertainty of sta-
tistical analysis through the number of samples.
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(RMAWC) ¼ (Monthly average water content) / (Average water
content for total sampling period) (3)

The water content decrease over time seemed to be an unusual
phenomenon that could have resulted from the sudden rear-
rangement of the ocean floor structures due to a severe Tsunami.
Although we mentioned above that the water content decrease
may relate to the decrease of the 137Cs radioactivities in the marine
sediments, no clear reasons based on the sediment data reported
had been found until now.

Table 2 shows the total 137Cs radioactivity decrease (in per-
centage) and the average rate of the 137Cs radioactivity decrease
throughout the sampling period. The 137Cs radioactivity for the
sediment near the FDNPP decreased in total by 91.5% of the initial
137Cs radioactivity; those for the Baltic Sea sediments types of Mud,
Clay and Silt, and Sand decreased in total by 92.1%, 74.9%, and 98.6%,
respectively. We additionally calculated the average rate of the
137Cs radioactivity decrease due to the radioactive decay over the
sampling period, regarding the half-life of 137Cs as exactly 30.17 yr.
The 137Cs radioactivity for the sediment near the FDNPP decreased
due to the decay with the average rate of 2.13 � 10�2 Bq/(kg$d);
those for the Baltic Sea sediment types of Mud, Clay and Silt, and
Sand decreased due to the decay with the average rates of
1.53 � 10�2 Bq/(kg$d), 1.46 � 10�2 Bq/(kg$d), and 1.3 � 10�3 Bq/
(kg$d), respectively.

The average rate of 137Cs radioactivity decrease highly depends
on the initial 137Cs radioactivity. Hence, we calculated the total 137Cs
radioactivity decrease divided by total sampling period as in
Equation (4) to relatively compare the average rates.

(Total 137Cs radioactivity decrease divided by total sampling
period) ¼ [1 e (Final 137Cs radioactivity) / (Initial 137Cs radioac-
tivity)] / (Total sampling period) (4)

The calculated value is the same as the average rate of 137Cs
radioactivity decrease divided by the initial 137Cs radioactivity. For
the sediment samples near the FDNPP, the total 137Cs radioactivity
decrease divided by the total sampling period was 1.25 � 10�3/
d and is six to seven times higher than the values for the Baltic Sea
sediment samples (1.86 � 10�4/d (Mud), 1.71 � 10�4/d (Clay and
Silt), and 2.05 � 10�4/d (Sand)). This difference may have resulted
from the fact that the coasts of the FDNPP are relatively open to the
ocean, which would allow 137Cs to diffuse more easily and spread
more quickly than in the Baltic Sea. The Kuroshio and wind-forced
shelf waves in the ocean near the FDNPP, in particular, may have
exerted a strong influence on the 137Cs radioactivity [34].

The total 137Cs radioactivity change due to the RMAWC change
was calculated by the product of the slope of Fig. 6 and the total
RMAWC change. The calculated value indicated that the contribu-
tion of the water content decrease to the average rate of the 137Cs
radioactivity decrease over the sampling period for the sediment
near the FDNPP was 2.32 � 10�1 Bq/(kg∙d), or 51.2% of the average
rate of the 137Cs radioactivity. This result suggests that for marine
sediments, the water content change should be considered in the
evaluation of the 137Cs radioactivity change.

5. Conclusions

In comparison with contaminated marine sediments, radioac-
tivity may quickly decrease in contaminated bulk seawater,
excluding concerns of radionuclides accumulating in marine or-
ganisms. Radionuclides can be sorbed by the sediments, while
those dissolved in the water spread quickly and widely with the
water flow. Thus, radionuclides that are sorbed by sediments can
contribute to the contamination of marine organisms. However, the
radioactivities of marine organisms are practically difficult to
measure within a limited time, so it would be better to monitor the
radioactivity changes of marine sediments to ensure the safety of
sea foods.

According to our data analysis, the average 137Cs radioactivities
in the marine sediments of the Baltic Sea and the ocean near the
FDNPP generally decreased over time, and the decreasing trend
seemed to differ by type. This can be understood as the diffusion
and spread of 137Cs in the oceans due to nearby currents. Moreover,
the sediments with smaller grain sizes, such as mud and clay types,
sorbed more radionuclides because of the larger specific surface
areas.

The average rates of 137Cs radioactivity decrease for the Baltic
Sea sediments were all lower than that for the marine sediment
near the FDNPP. This seemed to be because of geographic differ-
ences; coasts of the FDNPP are relatively wide open to the ocean.
That is, oceanic environments near the FDNPP are more favorable
for radionuclides such as 137Cs to be spread away.

For the sediment near the FDNPP, the 137Cs radioactivity
increased mostly as the water content increased, and the total 137Cs
radioactivity decreased by 91.5% of the initial 137Cs radioactivity
(from May 2012 to April 2014). Although the relationship between
the water content and the 137Cs radioactivity for the Baltic Sea
sediments was not analyzed due to the lack of water content data,
the statistical significance of the correlation between the two was
proven for the sediment near the FDNPP. It was also found for the
sediment near the FDNPP that the RMAWC change contributed
51.2% of the average rate of the 137Cs radioactivity decrease. For
marine sediments, the water content change is recommended to be
the probability of the 137Cs radioactivity change. For the analysis of
radioactivity change of marine sediments, it is important to
consider the change of water content values for the precise
evaluation.
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