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Abstract—The paper is concerned with the results of 137Cs monitoring in the irrigation ponds of the
Okuma town in the Fukushima Dai-ichi Nuclear Power Plant (FDNPP) exclusion zone. The 137Cs activity
concentrations in the ponds appeared to be higher than those in the rivers and dam reservoirs in the
region. The study has revealed a trend for a decline in 137Cs activity concentrations, both particulate and
dissolved. The rate of particulate 137Cs decline was much higher than that of dissolved. The total distri-
bution coefficient Kd (137Cs) in the suspended sediment–water system in the studied ponds was
decreasing in time with the rate constant of 0.12–0.18 year–1. Assuming that the decrease in Kd is
associated with decomposition of hot glassy particles, the time scale of 137Cs leaching from them in
these water bodies was estimated to be 5–8 years. These estimates are consistent with the findings of
recent laboratory experiments on the subject. With respect to seasonal variations, the highest levels of
dissolved 137Cs in the studied ponds were observed from June to October as a function of specific pond
and monitoring year. Based on data about 137Cs speciation in the bottom sediment top layer of the ponds
and its distri- bution in the sediment–water system, the exchangeable radiocesium interception potential 
RIPex(K) for the ponds sediments was estimated to be 1650–2250 mg-eq/kg, which is within the range
of values measured by laboratory studies. 
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IN TRO DUC TION

 The Fukushima Dai-ichi Nuclear Power Plant (FDNPP) accident caused by the tsunami following the 
Great East Japan Earthquake in March 2011 resulted in the contamination of extensive territories on the
Honshu Island (Japan) by radioactive cesium isotopes 134Cs (half-life T1/2 = 2.06 years) and 137Cs (T1/2 =
30.17 years), which rekindled the interest in the behavior of radiocesium in specific geoclimatic conditions
of Japan. Radiocesium was deposited northwest of the NPP, forming a footprint about 20 km wide and
50–70 km long [9, 12, 18] and leading to the contamination of both terrestrial and water ecosystems. The
initial ratio of cesium isotopes 134Cs/137Cs in the Fukushima fallout was about unity [12]. With time, the
contribution of 134Cs to radiation contamination was decreasing as compared to 137Cs due to faster decay,
and as of today the main radionuclide of dose significance is 137Cs.
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Af ter the Chernobyl NPP (ChNPP) ac ci dent, closed wa ter bod ies such as lakes, ponds and stag nant res -
er voirs were found to be more sen si tive to ra dio ac tive con tam i na tion [3, 6, 16]. On the ter ri tory of
Fukushima pre fec ture there are more than 3700 ponds of vary ing size, many of which are used for paddy
wa ter sup ply. Ir ri ga tion ponds were cre ated over the course of cen tu ries in Ja pan for rice cul ti va tion. These
ponds are also a con cern be cause they are used for fish ing and wa ter ing of ag ri cul tural fields, which can
cause crop con tam i na tion [11, 24, 26].

The pur pose of the pres ent pa per is to study the dis tri bu tion of Fukushima-derived radiocesium and its
dy nam ics in closed and semi-closed ponds of the FDNPP ex clu sion zone and to com pare with the
radionuclide be hav ior in sim i lar ob jects in the ChNPP zone.

MA TE RIALS AND METHODS

The to tal of 137 small and me dium-size ponds oc cur in the Okuma town in the FDNPP 10-km ex clu sion
zone. Of them, three ponds Inkyozaka, Suzuuchi and Funazawa were se lected as ob jects for study (Fig. 1).
Here are the char ac ter is tics of the con sid ered ponds in the FDNPP ex clu sion zone:

Pond

North ern lat i tude
East ern lon gi tude

Dis tance from FDNPP, km
137Cs de po si tion, kBq/m2

Water surface area, m2

Max i mum depth, m

Inkyozaka

37°25.49 ¢9
141°01.0 ¢5

0.24
2250 ± 1350

6500
2.0

Suzuuchi

37°24.95 ¢0
140°58.79 ¢1

3.75
6850 ± 1870

4100
1.0

Funazawa

37°24.36 ¢3
140°59.17 ¢3

3.5
2370 ± 495

10700
2.5

The se lected ponds rep re sent the main pond types in the ex clu sion zone, where the 137Cs de po si tion is
vary ing from 2 to 7 MBq/m2 [4, 21, 22]. Wa ter sam pling from the ponds was con ducted once a month in
2015–2017, and at least once ev ery two months in 2018–2019. Wa ter sam ples of 4 l were col lected from the 
sur face layer and then fil tered through 0.45 mm mem brane fil ters in lab o ra tory. The ac tiv ity con cen tra tions
of 134Cs and 137Cs were de ter mined in fil trate and on sus pended ma te rial sep a rately by gamma spec trom e try 
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Fig. 1. Lo ca tion of the stud ied ponds on the ter ri tory of Okuma town in the vi cin ity of the FDNPP.



us ing the high-purity ger ma nium de tec tor (HPGe) CAN BERRA GC3018. The con cen tra tions of the main
cat ions K+, NH

4

+ , Na+, Ca2+, and Mg2+ were de ter mined by the ion chro ma tog ra phy us ing Thermo Sci en tific 
DIONEX 1100. The sta ble 133Cs was de ter mined by the in duc tively cou pled plasma spec trom e try ICP-MS
(Perkin Elmer ELAN DRC 2).

RESULTS AND DISCUSSION

Figure 2 shows the time dependence of the mean annual particulate and dissolved 137Cs activity concen-
trations from 2015 to 2019 in the ponds Inkyozaka, Suzuuchi, and Funazawa. In all three ponds, the
dissolved and particulate 137Cs activity concentrations were decreasing. Table 1 includes the quantitative
characteristics of 137Cs decline in the Okuma ponds. Here lef is the effective rate constant for decline in
137Cs activity concentration; lenv is the rate constant for decline in 137Cs activity concentration due to natural 
attenuation processes: lenv = lef – l, where l is the rate constant for 137Cs decay equal to 0.023 year–1; T1/2env

is the 137Cs concentration half-reduction due to natural attenuation processes. 

It follows from Fig. 2 and Table 1 that the particulate 137Cs activity concentration is declining faster than 
the dissolved 137Cs. The partitioning of the radionuclide between the sediment and solution is described by
the distribution coefficient Kd (l/kg) equal to the ratio of  the particulate radionuclide activity concentration
(Bq/kg) to its dissolved activity concentration (Bq/l) at equilibrium [15]. For research purposes the notions
of the total distribution coefficient Kd and the exchangeable distribution coefficient K

d

ex  are used [15]. Kd  is 
equal to the ratio of the total activity concentration of  the radionuclide in the solid phase to its activity
concentration in solution, whereas K

d

ex  is equal to the ratio of the exchangeable radionuclide activity
concentration in the solid phase to its activity concentration in solution. The advantage of the exchangeable
distribution coefficient is that its value can be calculated easily based on data about sorption capacity of the
solid phase and water cation composition [2, 15].

A faster reduction in the particulate 137Cs concentration, as compared to the dissolved one, is expected to 
result in a decrease of the Kd value for the given time period, which is corroborated by Fig. 3 showing time
dependence of the 137Cs total distribution coefficient in the ponds. The rate constants of Kd decline for the
ponds under study are in the range 0.12–0.18 year–1.
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Fig. 2. Time dependence of the (a) particulate and (b) dissolved 137Cs activity concentrations in the ponds of Okuma town
in the vicinity of FDNPP (1) Inkyozaka, (2) Suzuuchi, (3) Funazawa.

Ta ble 1. Ki netic char ac ter is tics of the 137Cs ac tiv ity con cen tra tion de cline in the stud ied ponds of Okuma town

Pond

Suspended sediment So lu tion

lef lenv
T1/2 env, year

lef lenv
T1/2 env, year

year–1 year–1

Inkyozaka
Suzuuchi
Funazawa

0.254
0.347
0.327

0.231
0.324
0.304

3.00
2.14
2.28

0.085
0.286
0.095

0.062
0.263
0.072

11.20
2.64
9.63



Fig ure 4 il lus trates sea sonal vari a tions of dis solved 137Cs con cen tra tion in the FDNPP ex clu sion zone
ponds for 2016 and 2017.  Ob vi ously, 137Cs con cen tra tions grow sig nif i cantly in the summer–early au tumn. 
In the ponds Inkyozaka and Funazawa the high est con cen tra tions were ob served from July to Oc to ber,
while in the pond Suzuuchi the high est con cen tra tion of 137Cs oc curred in June.

Ta ble 2 in cludes re sults of de ter min ing the frac tion of 137Cs ex change able forms in the 3-cm top sed i -
ment layer in com par i son with sim i lar data for soils on the catchments [7, 8, 22]. As seen, soils are char ac -
ter ized by ex tremely low val ues of ex change able 137Cs frac tion, even com pared with Chernobyl data. At the 
same time, the bot tom sed i ment top layer formed as a re sult of sed i men ta tion, is char ac ter ized by the high
frac tion of ex change able 137Cs (up to 40% in Inkyozaka). 

The above data about 137Cs speciation allow us to calculate the total (Kd) and exchangeable (K
d

ex ) distri-
bution coefficients [2] in Okuma ponds (Table 2), and on this basis to calculate Radiocesium Interception
Potential RIPex in accordance with equation [5]:

RIPex(K) = K d
ex (137Cs)([K+] + 5[NH4

+ ])

where [K+] and [NH
4

+ ] are potassium and ammonium concentrations in mg-eq/l.
On the territories contaminated after the Chernobyl accident, the values of the radiocesium distribution

coefficient in the closed lakes and ponds were much lower than those reported for the large open lakes [3, 6, 
16]. For example, in the closed Lake Svyatoe in the Bryansk oblast (Russia) in 1993–1995, 7–9 years after
the Chernobyl accident Kd was (3.5 ± 0.7) ́  103 l/kg [3]. Similar values of Kd (8.1 ́  103 l/kg) were reported
for the closed lake Vorsee in Baden-Wurttemberg (Germany) in the same time period [16]. On the other
hand, in large open Lake Constance (Germany/Austria/Switzerland) having high self-purification capacity
with respect to radiocesium the Kd(137Cs), values were (1–10) ́  105 l/kg [16], which is close to Kd(137Cs)  in
the FDNPP zone water bodies.

The Kd values in the studied ponds of Okuma (>105 l/kg) appeared to be about two orders of magnitude
higher than those in closed lakes Svyatoe and Vorsee, and close to the values in Lake Constance [16], as
well as the rivers and dam reservoirs of the FDNPP contaminated area [25]. In our view, this can be
attributed to two reasons. The first is associated with the occurrence of insoluble glassy hot particles in the
Fukushima fallout [13] and their higher content in the vicinity of the FDNPP. The second reason consists in 
the high binding ability of soils sediments in the Fukushima contaminated area (Table 2). The obtained
high estimates of RIPex(K) showing the ability of sediment particles to adsorb 137Cs selectively are
consistent with the values measured in laboratory experiments [17, 23] for the Fukushima area soils. The
sediments of the studied ponds in terms of their ability to adsorb radiocesium selectively are even superior
to those of Lake Constance in Europe [16].

The trend for a decline in the total distribution coefficient Kd reported for all three studied ponds (Fig. 3)
can be due to 137Cs leaching from glassy hot particles the proportion of which in the near zone of FDNPP
can be as high as 30% [14]. In this respect, the rate constant of Kd decline in the ponds is a characteristic of
weathering of glassy hot particles. Then the time scale of 137Cs leaching from particles (the value reverse to
the rate constant) is estimated to be 5–8 years. After the limiting stage of 137Cs leaching from a glassy hot
particle as a result of its decomposition or weathering, radiocesium gets fixed quite quickly by micaceous
clay minerals with the time scale of 2–3 months. The derived estimates are in agreement with the outcomes
of laboratory experiments to study radiocesium leaching from glassy hot particles in various salt solutions
[19].
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Table 2. The forms of existence and distribution of 137Cs in the sediments–water system of Okuma ponds

Parameter Inkyozaka Suzuuchi Funasawa

d sed , %
ds , %
Kd, l/kg
K d

ex

RIPex(K), mg-eq/kg

44 ± 5
3.6

(1.4 ± 0.7) ́  105

(5.5 ± 2.5) ́  104

1650 ± 800

22.6 ± 2.3
0.4

(1.2 ± 0.1) ́  105

(2.9 ± 1.0) ́  104

2250 ± 800

19.6 ± 4.4
3.0

(1.6 ± 0.8) ́  105

(3.3 ± 1.6) ́  104

2250 ± 1100

dsed and ds are the exchangeable form of  137Cs in bottom sediments (the upper 3-cm layer) and soil of catchment (the
upper 3-cm layer), respectively [20, 21].



CONCLUSIONS

The stud ies of 137Cs be hav ior in the ir ri ga tion ponds of the city Okuma in the vi cin ity of FDNPP con -
ducted in 2015–2019 have dem on strated that the con cen tra tions of this radionuclide in the ponds are higher 
than those in the rivers and dam res er voirs of the re gion. The high est lev els of dis solved 137Cs in the stud ied
ponds were ob served from June to Oc to ber as a func tion of pond and mon i tor ing year.

A trend for de cline in both par tic u late and dis solved 137Cs ac tiv ity con cen tra tions was re vealed. The re -
duc tion rate of the par tic u late 137Cs ac tiv ity con cen tra tions was no ta bly higher than of the dis solved one.

This manifested itself in the trend for decline of the total distribution coefficient Kd(137Cs) in the sedi-
ment–water system with the rate constant 0.12–0.18 year–1. Assuming that the decrease in Kd is associated
with decomposition of hot glassy particles, the time scale of 137Cs leaching from them in the ponds under
study is estimated to be 5–8 years. The obtained estimates are consistent with the findings of recent
laboratory experiments on the subject.  

In absolute magnitude, the value of Kd(137Cs) in the studied ponds appeared to be much higher than the
corresponding values in the closed lakes of the Chernobyl contaminated area and comparable to the values
characteristic of the rivers and reservoirs of the FDNPP contaminated area.

Based on the data on the 137Cs speciation in the bottom sediment top layer of the ponds and its distribution
in the sediment–water system, the exchangeable radiocesium interception potential RIPex(K) for the ponds
sediments was estimated to be 1.7–2.3 g-eq/kg, which is within the range of values measured in laboratory.
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Fig. 3. Time dependence of the 137Cs total distribution coefficient for the sediment–water system in the Okuma town ponds in
the FDNPP exclusion zone: (1) Inkyozaka, (2) Suzuuchi, (3) Funazawa.

Fig. 4. Seasonality of the dissolved 137Cs activity concentrations in the water of the Okuma town ponds of the FDNPP
exclusion zone in (1) 2016 and (2) 2017: (a) Inkyozaka, (b) Suzuuchi, (c) Funazawa.
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