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Abstract
Vertical and horizontal distributions of 137Cs were investigated in sediment cores of the crater lake, Baengnokdam of Mt.
Halla, Korea. The activities of 137Cs in sediments were in the range of minimum detectable activity 0.2–214 Bq kg −1 in
the 0–100 cm layer. The inventories of 137Cs were in the range of 7.4–29.7 kBq m−2. The higher total inventories of 137Cs
were observed in the middle of Baengnokdam of Mt. Halla, indicating that higher 137Cs in soil sediments of the middle of
Baengnokdam of Mt. Halla can be strongly adsorbed on mud.
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Introduction
The primary source of 137Cs (half-life = 30.17 year) is from
nuclear weapons testing in the 1950s and 1960s, from the
Chernobyl accident in 1986, and from an accident at the
Fukushima Dai-ichi nuclear power plant (DNPP) in 2011.
The 137Cs derived from Nuclear weapons testing, Chernobyl
accident, and DNPP accident was dispersed into the atmosphere and subsequently deposited as fallout on the surface
soil or sediment. Nuclear weapon testing 137Cs is globally
observed in soil and sediment, Chernobyl originated 137Cs is
mainly found in European and western Asian sediments, and
DNPP derived 137Cs is observed in a surrounding area [1]. In
addition, in most environments, 137Cs input from atmosphere
is rapidly absorbed by mud particles in soil and suspended
particles in lakes [2–5]. Especially, 137Cs in lake water is
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mostly eliminated in a short time, precipitating on the bottom sediment [6, 7].
Generally, 137Cs in upper layer of soil and sediment
exhibit higher activity decreasing exponentially with depth
[1, 8, 9]. The total amount of 137Cs in the sediments can be
affected by various factors, such as particle size distribution, organic matter content, pH level, water depth, hydraulic
residence time, and diffusion in the sediment pore waters
[10–14]. Especially, the enhanced concentrations of 137Cs
depend on the particle size distribution of the sediment, with
fine grained sediment containing higher activities of 137Cs
[1, 15].
The fallout radionuclide 137Cs has been used as a tracer
for studying erosion and sedimentation rates due to uniformity, lower mobility caused by caesium sorption on clay
organic particles, and the medium-term half-life [15, 16].
Although there were many studies about measuring activities of 137Cs in various environments, such as floodplains,
lakes, reservoirs, wetlands, coastal areas, and crater lakes
[17–20], relatively little research of 137Cs in sediments of
the crater lake has been done due to inaccessible locations.
Therefore, in this study, we aim to determine inventories of
137
Cs and to evaluate factors controlling distribution of 137Cs
in sediments of the crater lake, Baengnokdam of Mt. Halla.
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Materials and methods
Study area
Jeju Island is a volcanic island located 85 km south of
the Korean peninsula. This island is dominated by a large
volcanic cone, Mt. Halla (1950 m above sea level), the
highest mountain in South Korea. Mt. Halla is a shield
volcano, consisting of alkaline lavas, basalts and trachytes
[21–23]. There is a crater and lake located at the summit
of Mt. Halla and its name is Baengnokdam (White deer
rock lake). It is about 100 m depth, with a circumference
of 2 km. In the monsoon season, it has been known to
fill up to 66% of capacity. The climate varies from cooltemperate in winter to humid-monsoon in summer with
mean air temperatures in the coastal areas ranging from
5 °C in January to 24 °C in August. Mean annual rainfall
across the island is 2082 mm and varies from 1100 mm
along the western coastline to over 4000 mm near Mt.
Halla [24]. Roughly 67% of mean annual rainfall occurs
from May to September, with the highest monthly rainfall
totals occurring in July and August (200–800 mm/month).

Sampling
Sampling was carried out from September to November
2004, when the bottom was exposed due the depletion of
water in Baengnokdam. Each soil sample was collected by
using a soil sampler (Cobra-248, Atlascopco, Sweden) with
every 5 m from the uppermost portion down to a depth of
1 m in the pit, where the boundary between grassland and
fresh water in the south-west direction was positioned a reference point (0 m). Intervals of 5 m from a reference point
over a distance of 75 m for sampling points consider various
parameters such as grain size, content of organic matter,
and hydraulic conductivity of sediments in order to evaluate
factors controlling distribution of 137Cs in sediments of the
crater lake (Fig. 1). Then, the collected soil samples were
taken at 10 cm intervals using a 100 cm3 core sampler.

in sediments were calculated from the difference in FeSO4
used between a blank and a sediment solution.
For determination of 137Cs activity concentrations, the
sediment samples were filled into a cylindrical container
(diameter 50 mm, height 70 mm; Mizuho Chemical Co.,
Japan) for measurement with HPGe detector (ORTEC 919
series, USA). An HPGe detector with relative efficiency of
30% was used. The detection efficiency of the detector was
calibrated with the sample height of 50 mm using a certified
standard mixed gamma source (QCY44, Amersham Co.).
The gamma-ray energy of 661.66 keV was used to measure
the activity concentration of 137Cs. The minimum detectable
activity (MDA) value was 0.2 Bq kg−1 and calculated with
Omnigam software program (EG&G ORTEC, USA).
For the sediment grain-size analysis, about 10 g of dried
sediment was mixed with 300 ml of distilled water and 25 ml
of 30% H2O2 solution at 90 °C for free of organic matter.
After heating, the mud solution was separated by vigorous
stirring and by addition of 10 ml of 5% ( NaPO3)6 solution.
Then the dispersed solution was poured into sieve (No.270)
with a pore size of 53 μm and transferred into 1 L measuring
cylinder. The sand remaining on the sieve was dried in an
oven and then weighed. The mud content was calculated by
subtracting the sand content from the sample weight. The
hydraulic conductivity of sediments was measured once
using a falling-head method (DIK-4050, Daiki Rika Kogyo
Co.) based on Darcy’s law due to low permeability of fine
grained sediments in this study. The bulk density of the sediment was measured by the core method [26]. The air dried
sediment samples fill in the bottle with gentle tapping and
weighted. The bulk density of sediment is mass per unit volume of soil bulk including pore space. The particle density
of the sediment was measured by the pycnometer method
[27]. It is determined by measuring the mass and volume of
sediment solid only. The percent porosity was also calculated by using the value of bulk density (Db) and the particle
density (Dp) as follows:

(
)
% porosity = 100 − Db ∕Dp × 100

Analytical method

Results and discussion

The collected sediment samples were oven-dried for 24 h
at 105 °C, passed through a 2 mm-sieve for physical and
chemical analysis. The determination of the organic matter
contents in sediments was based on the Walkley–Black chromic acid wet oxidation method [25]. A sediment sample was
treated with 5 ml concentrated H2SO4 for 4 h, mixed with
5 ml 0.5 M K2Cr2O7, heated at 150–160 °C for 5 min, and
then cooled at room temperature. The excess of dichromate
was titrated with 0.25 M FeSO4. The organic matter contents

Sediment features in Baengnokdam of Mt. Halla
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The proportions of mud in sediments of Baengnokdam of
Mt. Halla ranged from 14 to 92% in the 0–100 cm layer.
The proportion of mud was higher in the middle of the
crater lake (30, 35, 40, 45, and 55 m sites) than in the edge
of crater lake (stations 5, 10, 15, 20, 70, and 75 m sites).
The proportion of mud in 10 and 15 m sites decrease with
depth, while those in 70 and 75 m sites showed increasing
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Fig. 1  Sampling sites in the
crater lake, Baengnokdam of
Mt. Halla. Sediment samples
were collected at 5 m intervals
from 5 to 75 m in the southwest
and northeast side of study area,
respectively

trends with depth (Fig. 2a). Especially, vertical profiles
of the proportion of mud in the middle of this crater lake
showed almost constant patterns.
The organic matter contents in sediments of Baengnokdam of Mt. Halla ranged from 2.7 to 7.2% in the 0–100 cm
layer (Fig. 2b). The highest organic matter content was
found in 40 and 45 m sites. The organic matter content
showed similar trends of the proportion of mud in sediments of Baengnokdam of Mt. Halla. The higher proportion of mud and organic matter content in the middle of

the crater lake seem to be due to maintaining freshwater
by runoff water and slower flow rate.
The bulk density, particle density, porosity, and hydraulic conductivity in sediments of Baengnokdam of Mt.
Halla ranged from 0.73 to 1.36 g cm −3 (Fig. 3a), from
2.00 to 2.71 g cm−3 (Fig. 3b), from 31 to 70% (Fig. 3c),
and from 1.4 to 9504 cm day−1 (Fig. 2c), respectively, with
large variation in each station. The bulk density, particle
density, porosity, and hydraulic conductivity were lower
in the middle of the crater lake than in the edge of crater
lake and showed opposite trends of the proportion of mud
in the sediment and organic matter contents (Figs. 2, 3).
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Fig. 2  Content of a sum of mud, b content of organic matter, and c
hydraulic conductivity of sediments sampled at the crater lake, Baengnokdam Mt. Halla. Error bars indicate standard deviations

Distributions of 137Cs in sediments of Baengnokdam
of Mt. Halla
The activities of 137Cs in sediments in the crater lake, Baengnokdam of Mt. Halla are presented in Fig. 4. The activities of 137Cs in sediments ranged from minimum detectable activity (MDA) to 214 Bq kg−1 in the 0-100 cm layer
(Fig. 4). These results were comparable to 1.03–192 Bq kg−1
of 137Cs activity concentrations in sedimentary soil cores in
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Fig. 3  Content of a bulk density, b particle density, and c porosity of
sediments sampled at the crater lake, Baengnokdam Mt. Halla. Error
bars indicate standard deviations

the crater lake, Baengnokdam of Mt. Halla [28]. The horizontal and vertical profiles of 137Cs in sediments showed
different pattern in each station [28]. The maximum 137Cs
activities in each station ranged from 19 to 214 Bq kg−1. In
the surface layer (0–20 cm), the highest activity of 137Cs
(114 Bq kg−1) occurred in 65 m site. In the deep layer
(> 20 cm), the highest activity of 137Cs (214 Bq kg−1) was
observed in the 30-40 cm layer of 35 m site. The maximum
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Fig. 4  Vertical distributions of 137Cs in different sampling sites in the crater lake, Baengnokdam of Mt. Halla

activity of 137Cs in sediment of Baengnokdam of Mt. Halla
was higher than that (12 Bq kg−1) in soil of Aomori, Japan
[29], (35 Bq kg−1) in soil near Belgrade, Serbia [30], and
(70 Bq kg−1) in Slovenian forest soil, Slovenia [31], while
much lower than that (46 kBq kg−1) in bottom sediments of
Finnish lakes, Finland [13].
In general, radioactive isotopes 210Pb and artificial radionuclides 137Cs are widely used to calculate the sedimentation rates despite of different their origin and the temporal
pattern of their fallout [15]. Sedimentation rates based on
the use of 137Cs as a marker for the past nuclear fallout maximum of 1963 in the crater lake, Baengnokdam of Mt. Halla
range from 0.37 to 1.59 cm year−1 (mean 0.84 cm year−1)

[32], and the mean sedimentation rate is very similar to that
(0.77 cm year−1) calculated using 239+240Pu activities [28].
To evaluate quantitative results in each station, we calculated depth-integrated inventories of 137Cs in sediments. The
total inventory of 137Cs in sediment [33] can be expressed
as follows:
∑(
)
I=
Ai × pi × hi
i

where I is inventory of 137Cs in core, A is 137Cs activity
(Bq kg−1) in depth interval i, p is dry bulk density of sediment in depth interval i (g cm−1), and h is thickness of depth
interval i (cm). Total inventory of 137Cs in soil sediments
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ranged from 7.4 to 29.7 kBq m−2 (Table 1). The maximum
total inventory of 137Cs was found in 35 and 50 m sites. The
maximum inventory of 137Cs in sediment of Baengnokdam
of Mt. Halla was higher than that (0.43 kBq m−2) in sediment from Tokyo bay, Japan [34], while much lower than
that (22–697 kBq m−2) in forest in Fukushima, Japan [35].
Total inventory of 137Cs was relatively higher in the middle
of the crater lake than in the edge of the crater lake. These
trends were similar to the proportion of mud and organic
matter content of sediments. The inventories of 137Cs were
positively correlated with the contents of organic matter
(r2 = 0.60, p < 0.001) and the proportions of mud (r2 = 0.56,
p < 0.001) (Fig. 5). In general, the adsorption of caesium on
the clay minerals occurs through an ion exchange [36], while
that on organic matter is determined by its cation exchange
capacity and by the relative proportions of caesium and other
cations [37]. Especially, it is well known that the removal
of organic matter enhances the affinity of clay minerals
for caesium [37]. Valcke and Cremers [38] suggested that

sediment with low organic matter content (< 40%) with the
high proportion of clay mineral content had ability of caesium fixation. Although a relationship between the inventories of 137Cs and the contents of organic matter showed
a paradoxical trend comparing with the previous literature
[37, 38], the organic matter contents in sediments of Baengnokdam of Mt. Halla were significantly low within 7.2%.
Thus, higher 137Cs in the middle of this crater lake seems
to be closely linked to organic matter content of sediments
and the low mobility by fixation of 137Cs linked to effective
adsorption of mud [39–43].
In the middle of Baengnokdam of Mt. Halla, total
inventories of 137Cs in 35 m (29.7 kBq m−2) and 50 m
(29.6 kBq m−2) sites were relatively higher than those
in 40 m (22.2 kBq m−2) and 45 m (21.3 kBq m−2) sites
(Table 1). Koh [32] reported that sedimentation rate
(0.86 cm year−1) in 35 m and 50 m sites were relatively
faster than that (0.61 cm year−1) in 45 m site. This result
indicated that sedimentation movement at 40 and 45 m sites

Table 1  Amounts of 137Cs in soil sediment profiles at each sample site in the crater lake, Baengnokdam of Mt. Halla
Soil depth (cm)

0–10
10–20
20–30
30–40
40–50
50–60
60–70
70–80
80–90
90–100
Total amount

Amount of 137Cs in sediments (kBq m−2)
5m

10 m

15 m

20 m

25 m

30 m

35 m

40 m

45 m

0.6
0.3
0.7
1.6
4.1
3.9
4.2
< 0.2
< 0.2
< 0.2
15.3

0.4
0.7
0.2
2.5
2.7
0.9
< 0.2
< 0.2
< 0.2
na
7.4

0.1
0.9
0.8
1.1
3.2
2.9
0.8
0.6
0.3
< 0.2
10.5

0.8
0.5
0.9
3.9
7.2
1.6
na
na
na
na
15.0

0.0
0.7
2.2
4.6
11.6
7.8
0.9
0.2
< 0.2
na
27.9

2.2
3.5
9.2
9.7
2.3
0.1
< 0.2
< 0.2
na
na
27.0

1.6
2.4
4.6
16.6
4.0
0.4
0.1
0.0
< 0.2
< 0.2
29.7

1.7
3.2
7.5
8.3
1.4
< 0.2
0.01
< 0.2
0.1
na
22.2

2.0
3.8
3.8
2.0
9.9
8.2
5.3
12.3
0.1
2.8
0.02
0.3
0.1
0.1
< 0.2 < 0.2
0.1 < 0.2
< 0.2
0.1
21.3
29.6

na represents missing data
Fig. 5  Scatterplots of total
amount of 137Cs in sediments
(kBq m−2) against a the content
of average organic matter (wt/
wt %) and b the proportion of
average mud (%) in the crater
lake, Baengnokdam of Mt.
Halla
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50 m

55 m

60 m

65 m

70 m

75 m

1.7
4.1
5.8
15.5
1.9
0.2
0.2
0.1
0.03
< 0.2
29.4

1.6
3.0
8.5
3.1
0.9
0.3
0.1
< 0.2
0.01
na
17.5

2.3
6.6
1.1
0.2
0.0
0.1
< 0.2
0.1
< 0.2
0.03
10.6

3.9
10.8
0.3
0.1
na
0.01
< 0.2
< 0.2
< 0.2
0.2
15.3

3.8
5.5
4.6
0.3
na
< 0.2
0.1
<0.2
0.01
< 0.2
14.4
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seems to be relatively slower than that at other stations in
middle of the crater lake. The reasons behind the slower
sedimentation at 40 and 45 m sites remain speculative at this
point. However, we considered the condition of sediment
and characteristics of location at 40 and 45 m sites. Firstly,
although the proportions of mud showed similar values in
the middle of Baengnokdam of Mt. Halla, hydraulic coefficient of sediments at 45 m site was relatively higher than
that in other middle stations. The proportion of clay in this
station seems to be higher than that in other stations since
137
Cs is strongly adsorbed on clay rather than silt [4]. Secondly, the water in Baengnokdam of Mt. Halla is the slowest
drying area in 40 and 45 m sites among the middle area. The
137
Cs inputting from the atmosphere may be dissolved to the
latest in 40 and 45 m sites, and 137Cs dissolved in lake water
could be easily spread into surrounding areas [13].

Conclusion
This study was conducted to evaluate factor controlling distributions of 137Cs in sediments of crater lake, Baengnokdam
of Mt. Halla, Korea. The inventories of 137Cs in the middle
of the crater lake was relatively higher than those in the edge
of the crater lake. The proportions of mud and the contents
of organic matter in the middle of the crater lake were higher
than those in the edge of crater lake. These results indicate
that higher 137Cs in soil sediments of the middle of Baengnokdam of Mt. Halla can be strongly adsorbed on mud.
Although the proportions of mud in the middle areas of Baengnokdam of Mt. Halla were constant, the total inventories
of 137Cs (21.3–29.7 kBq m−2) were a little different within
30%. Relatively lower total inventories of 137Cs in the middle
areas showed higher hydraulic conductivity of sediments,
indicating higher proportion of silt relative to clay. Thus,
the most significant factors controlling 137Cs activities in
sediments seem to be the grain size of sediment. However,
a variety of vertical and horizontal profiles of 137Cs in this
crater lake imply that sedimentation processes in each area
are complex. Thus, further extensive studies are necessary in
order to elucidate various sedimentation processes in crater
lake.
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