
JP0150447

JAEEI-Conf 2000-016

2.5 Subject-3 : Study on migration of radionuclides released Into terrestrial
and aquatic environment after nuclear accident

H. Amano, T. Matsunaga, T. Ueno, S. Nagao and N. Yanase
Research group for terrestrial environment
Dep. of Environmental Sciences
Japan Atomic Energy Research Institute

A. N. Arkhipov
Chernobyl Scientific and Technical Center for International Research

Yu. Tkachenko
The State Enterprise Regional Monitoring and Domestic Control (RADEC)

Subject-3 has been focused on the migration behavior of long-lived radionuclides in the
terrestrial surface environment, especially in connection with their chemical and physical
forms. Migration behavior of radionuclides is strongly affected with their chemical and
physical forms (for example; Gunten and Benes 1995). One of the two categories in
Subject-3 consists of migration from surface soils including aging effects of hot particles,
plant uptake from contaminated soils, and resuspention of radionuclides. The other is run
off by river system, considering the role of organic materials.

(l)Migration of radionuclides from surface soils

1-1 Vertical migration of long lived radionuclides in undisturbed soil in the Chernobyl

30km zone focused on their speciations

At a first stage of this research, a systematic analytical procedure for gamma-ray

emitting radionuclides such as Cs-137 and Am-241, and beta-ray emitting radionuclides

Sr-90, and transuranic elements such as Pu, Am and Cm (Amano et. al. 1997, 1999b,

Watanabe & Amano 1997) was established, as shown in Fig.l.

Vertical migration of Cs-137, Sr-90, Pu isotopes and Am-241 in undisturbed soil in the

Chernobyl 30km zone was studied (Amano et al., 1997, 1999a, 1999b, 1999c, 2000a,

2000b). Most of the radioactivity exists in the surface organic layer and in the mineral soil

layer of several cm in depth (Fig.2).

For the speciation study of radionuclides, a sequential selective extraction has been

applied to the soil samples, not only surface soils but also subsurface soils, especially

focusing on their organic forms (Amano et al., 1997,1999a, 1999b, 1999c, 2000a, 2000b).
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Figure 3 shows this procedure. Each extracted fraction of water soluble, ion exchangeable

(pH 7.0 or pH 4.5), fulvic acid, humic acid and humin plus insoluble fractions were

analyzed and compared for its radioactivity. The majority of Cs-137, Pu isotopes and Am-

241 in the surface soil were found in the insoluble fractions (Amano et al., 1997, 1999a,

1999b, 1999c, 2000a, 2000b), as shown in the Fig. 4 & 5. More than half of Sr-90 was

in the water soluble and exchangeable fractions, although the amount of Cs-137, Pu

isotopes and Am-241 in these fractions were small (Amano et al., 1997, 1999a, 1999b,

1999c, 2000a, 2000b). These fractions were accessible to river water as a dissolved

form. The amount of Pu isotopes and Am-241 were comparable in the free fulvic acid and

the free humic acid fractions (Amano et al., 1997). On the other hand, small amount of

strontium-90 and Cs-137 were detected in these fractions (Amano et al., 1997). Pu

isotopes and Am-241 are major radionuclides in free humic and free fulvic acid fractions,

which have possibility to be dissolved in water (Amano et al., 1999a). The amount of

Am-241 in free fulvic acid fraction is relatively larger than that in free humic acid fraction,

and vice versa for Pu isotopes (Amano et al., 1997).

Soil core samples at the depth of 10-15cm were also analyzed using the same chemical

speciation technique (Amano et al., 2000b). Speciation results from the pine forest Podzol

soils showed that Sr-90 migrate to deeper part by ion exchange reaction (Amano et al.,

2000b).

Distribution of hot particle (HP) and related radionuclide concentrations were

investigated focusing on the contribution of HP as a source of radioactive contamination

at about 10 years after the accident (Yanase et al., 1999, 2001). Chemical forms of HP

were also determined for predicting future migration behavior of radionuclides in HP

(Yanase et al., 1999, 2001).

Soil and fall-out samples, and suspended materials in river and lake were collected.

Radioactivity concentrations of Am"241 and Cs'137 in the soil samples were determined by

gamma spectrometry using a Ge detector. A number density of HPs was measured using

alpha track technique (Fig. 6). Selective extraction procedure was carried out to define the

chemical forms of uranium, which was a major element in HPs. Scanning electron

microscopy / energy dispersive X-ray (SEM/EDX) analysis was carried out to observe

morphology and size of HP, and measure composition of the HP.

Many HPs are still exist in surface soil even at about 10 years after the Chernobyl

accident in the regions west and north of the Chernobyl NPP. Proportions of

radioactivity in HPs to the total activity were up to 57 %, and most of radionuclides exist

in upper several centimeters. Selective extraction study revealed that majority of U was

associated with organic substances and HPs (Fig. 7). HP was not found in the fall-out
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samples and suspended materials in the rivers. HP is scarcely resuspended to the

atmosphere from surface soil and to river water from bottom sediment possibly due to

high specific gravity of HP (Yanase et al., 1999, 2001).

1-2 Water leachates of surface soil along a river watershed

The majority of radioactivity exist in the organic AoH horizon (organic third layer)

(Amano et al., 1997). So, water leachates from the AoH horizon was examined using

ultra filtration techniques to estimate a dissolved fraction as one of main run off

components of radioactivity from the river watershed (Amano et al., 1999a).

The species distribution result of water leachates of surface soil along the river

watershed showed that most Pu (79%) and Am (68%) existed in the molecular weight

fractions of beyond 10,000 Dalton, in spite of the fact that most of the dissolved organic

carbon fractions (69%) existed in the molecular weight below 10,000 Dalton. This

means that transuranic elements, such as Pu and Am, are associated with high molecular

weight materials containing carbon such as humic substances in water leachates. On the

contrary, most of Cs-137 (85%) and Sr-90 (63%) exist in the molecular weight fraction of

below 10,000 Dalton, reflecting the fact that most of them exist in lower molecular forms

or ionic forms or associated with low molecular materials (Fig 8; upper: water leachates

from soil; lower; river water).

1-3 Radionuclides uptake by plants from contaminated soils

Transfer of long lived radionuclides such as Cs-137, Sr-90 and transuranic elements in

contaminated soils at Chernobyl districts to edible plants was examined (Amano 1999b,

2000c). The experiments were made during 1996 and 1997 at Pripyat hothouse facilities

belonged to Department of Radiology and Recultivation ChesCIR, Ukraine. The tests

were carried out on sand-podsolic soils and peaty soils which were adjusted in fixed

levels of contamination by blending of the same soil type of a different contamination

density sampled in Chernobyl districts. In 1996 were investigated two edible plant,

Komatsuna and carrot on sand-podsolic and peat soils under conditions of two levels of

radioactive soil contamination, 1-2 Bq/g-dry and 30-40 Bq/g-dry for Cs-137, 2-3 Bq/g-

dry and 15-17 Bq/g-dry for Sr-90, respectively. In 1997, 4 species of edible plants, and

3 levels of radioactive concentrations in soils were examined.

The transfer factor, which is ratio of concentration in plants (Bq/g-wet) to soils (Bq/g-dry)
in this case, ranged 0.03-1.1 for Cs-137, 0.07-7.7 for Sr-90 in Komatsuna leaves, and
0.002-0.09 for Cs-137, 0.01-0.7 for Sr-90 in carrot roots, respectively (Table 1). As a
whole, transfer factors of Cs-137 and Sr-90 in edible plants are larger in sand-podsolic
soils than in peat soils.
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Dependence of transfer factor on soil concentrations of radionuclides, which has been

reported in the vicinity of the Chernobyl districts, was not clear in these experiments for

Cs-137 and Sr-90, as shown in Fig. 9 (Amano et al , 2000c). The transfer factors of Pu

were also measured (Table 1), and became clear to be larger than the previously reported

values (Amano et al., 2000c). This may be attributed to the chemical forms of Pu in the

soils examined.

1-4 Atmospheric concentration, deposition and resuspention

Analysis of atmospheric concentration and resuspention of radionuclides has been made

using data of atmospheric concentration of radionuclides supplied from RADEC for

future prediction (Amano et al., 1999b, Hatano et al., 1998). The resuspention factor (m"

*) has been estimated to be 2.2 x 10"n - 4.4 x 10'10, compared with that at the Nevada test

site (5 x 10"M> for Pu). For the analysis of radionuclide deposition, monthly basin samples

have been collected at the former city of Chernobyl and Pripyt, as shown in the Fig. 10.

In 10 years after the accident, monthly depositions of Cs-137, Eu-155 and Am-241 have

not decreased as shown in the figure. The deposition at former Pripyat city is about 3

order higher than that at Tokai village in Japan. Andersen cascade sampler has also been

operated to estimate the particle sizes and AMAD (Activity Median Aerodinamic

Diameter) of atmospheric radionuclides in the exclusion zone.

(2) Behavior of radionuclides in surface aquatic environment in the Chernobyl Exclusion
Zone

2-1 Behavior of radionuclides in surface aquatic environment

Concerning radiological impact for population, the potential importance of the

migration of radionuclides through the surface aquatic environment consisting of rivers

and lakes has been exemplified by the Chernobyl accident (EC 1996). Therefore, we

conducted this part of research on the behavior of radionuclides in the surface aquatic

environment. The objective of the research is to obtain information on key processes

and parameter values, which will be used in a model to predict the fate of radionuclides in

the surface aquatic environment.

We focused our research on the physico-chemical form of the radionuclides in rivers

and lakes in the Chernobyl Exclusion Zone (Matsunaga et al., 1996). There were two

research targets: 1) the partitioning of radionuclides between dissolved and particulate

fractions in river water (Matsunaga et al., 1999); 2) the chemical form of radionuclides

in dissolved and particulate fractions and in bottom sediment (Nagao et al., 2000; Sanada
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etal.,2000).

Water and suspended particulate materials were collected twice a year between 1995

and 1999, usually in March/April and in August/September, from following locations in

the Zone: the Pripyat River; the Sahan River; the Uzh River; the Glubokoye Lake; the

Kiev Reservoir (Fig.ll). Not all of the locations were visited at each sampling occasion.

The samples were analyzed for Cs-137, Sr-90, Pu-239,240 and Am-241.

Resultant 'distribution ratios' (Table 2), which were defined in the present study as a

ratio of radioactivity concentration of dissolved radionuclides (Bq/1) to that of particulate

radionuclides (Bq/g), were similar to reported values of other researchers for the fresh

water system, except Sr-90 which showed higher values compared to others' (Matsunaga

et al., 1999). This accordance, in spite of differences in environmental conditions between

this study and others', indicates general validity of the distribution ratios (or distribution

coefficients) in the surface aquatic environment. Especially, information on TRU in the

fresh water system had been limited. The high distribution ratio for Sr-90 in this study

was probably due to coprecipitation of Sr-90 with carbonate compounds such as

CaMg(CO3)2 as suggested by X-ray diffraction analysis.

For the study of the chemical form of dissolved radioactive species, ultrafiltration was

conducted for the water sample passed through a 0.20 //. m-pore filter (Fig. 12). Besides,

spectroscopic features of organics in the water samples were studied (see2-2).

Complexation properties of Pu and Am with the organics was also examined in a

laboratory system. These results concurrently suggest that dissolved Pu-239,240 and Am-

241 form a complex selectively with organics having molecular size of more than 10,000

Dalton to make dissolved Pu and Am stable in water phase. This result came to validation

in the filed of organic complex formation that has been widely recognized for TRU in

laboratory studies. This complex formation could promote transfer of TRU from

contaminated surface soil.

A sequential selective extraction procedure was carried out to estimate the chemical

form of radionuclides in suspended particles in river (lake) water. The result showed the

fraction of Sr-90 in the least soluble form is small while the most of Cs-137 and TRU

were in that form (Fig. 13). This means the re-dissolution of Cs-137 and TRU is not

significant and their transport will be controlled by suspended materials themselves, and

vice versa with Sr-90 (Sanada et al., 2000).

Bottom sediment samples were collected from the Pripyat River near Chernobyl Town.

Their analysis by alpha track mapping using CR-39 film revealed that the part of highest

radioactivity corresponds to fuel particles derived from the accident in 1986 (Fig. 14). A

sequential selective extraction procedure was also applied to obtain information about the

- 9 1 -
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chemical forms of the radionuclides included in those solid samples. As well as in

suspended materials, Cs-137 and TRU were mostly in less soluble forms. Strontium-90

exhibited variant distribution in terms of its chemical form. Further examination is

necessary for the chemical form of Sr-90 in the bottom sediment (Sanada et al., 2000).

2-2 Effects of dissolved organic materials on migration of radionuclides in the Chernobyl
area

The characteristics of dissolved organic materials (DOM) in the water samples from

Chernobyl area were studies by UV-VIS and three-dimensional fluorescence

spectroscopy (Nagao et al., 1997; Suzuki et al., 1997). The measurements were carried

out for untreated samples such as preconcentration and purification on the DOM, and for

the samples after ultrafiltration. UV-VIS spectra of these samples have featureless

curves. The absorbance increased with decreasing wavelength monotonously. The ratio of

absorbance at 280 nm over dissolved organic carbon (DOC) concentration is 0.013 for the

Lake Glubokoye, 0.016-0.026 for the waters from Sahan River, Pripyat River and Kiev

Reservoir, and 0.023-0.036 for the soil solution. The abundance of UV-absorbing

organics to total organics varied with each environment.

The water samples showed the broad fluorescence maxima at excitation (Ex.) 295-300

nm/ emission (Em.) 430-435 nm and the weak peaks at Ex. 330 nm/ Em. 460 nm and

Ex. 360 nm/ Em. 470 nm. These peak positions almost agree among these samples, and

with those of soil and river fulvic acid (Suzuki et al., 1997) .

The water samples from Pripyat River and Sahan River and the soil solution were

treated with ultra-filters having cut-off molecular size of 100,000, 10,000 and 1,000

Dalton. These separated fractions were measured by three-dimensional excitation

emission matrix (3-D EEM) spectroscopy. The positions of the fluorescence maxima and

their relative fluorescence intensity (RFI) ratios are almost similar each other. However,

fluorescence intensity normalized to DOC concentration varies with each molecular size

fraction. The RFI/DOC ratio of the size fraction of 10,000-1,000 Dalton was 0.008 for

the Pripyat River and the soil solution, but about 0.020 for the Sahan River. In the fraction

more than 100,000 Dalton, the ratio was 0.021-0.028 for the Pripyat and Sahan Rivers,

but 0.064 for the soil solution. These results indicate that fluorescence properties of each

molecular size fraction are different among the river water, reservoir and soil solution

(Nagao et al., 2000).
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Fig. 5 Speciation of radionuclides in 0-lcm horizon in surface soil at a forest near River

Sahan
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Table 1

Transfer factor for l37Cs and ^Sr (g-dry/g-wet)

Chinese cabbage

Spinach

Cawot

Radish

137Cs

0X3-1.1

0.009-0.1

0.002-0.09

Q.Q0g-(XG4

wSr

QMS.

0.06-9.

0.G2-Q.7

0,05-2.

Transfer factor for 239+240Pu (g-dry/g-wet)

Soil

Peaty

Sandy

Radioactivity level
Jlg/^dry)

High (1.0)
Low (0.009)

carrot

0.04

0.0006
0.0)9
0.003

Chinese cabbage

0.02

0.0006
0.02

0.G005
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Fig. 11 Sampling location in the study on the behavior and characteristcs of radionuclides in surface
aquatic environment in the Chemobyl Exclusion Zone.
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Table 2 Comparison of the ditribution ratios found in this study to several reported distribution
coefficient in literatures.

Radionuclide Sampling location Distribution coeff.
(Distribution ratio )

References

Sr-90

Cs-137

Pu-239,240

Am-241

Cm-244

Clinch River
Cattaraugus Creek
Chernobyl rivers*

Cattaraugus Creek
Clinch River
Kuji River
Chernobyl rivers*

Lake Trawsynydd
Cattaraugus Creek
Clinch River
Chernobyl rivers*

Clinch River
Lake Trawsynydci
Chernobyl rivers*

Chernobyl rivers*

1.24X102*
6.22 xlO1#

1.4xlO3 - 8.5xl03

6.00 xl02#

7xlO4**
4.0xl03- 1.6xlO5**
6.0xl03 - 4.5xlO4

2.09 xlO4**
4.71xlO4*
8.2xlO4 - l.lxlO6

7.33X105*
2.8 xlO5 - 1.31xl06**
5.9xlO4 - 8.8X105

3.8x10* -5.1X105

Schelletal. (1981)
ibid.
This study ***

Schelletal. (1981)
Struxness et al.(1967)
Matsunaga et al. (1991)
This study ***

Orlandini et al. (1990)
Sanchez etal. (1981)
ibid.
This study ***

Sanchez etal. (1981)
Orlandini et al. (1990)
This study***

This study ***

# Laboratory data using natural solid materials.
## Pu-237 used in Laboratory study.
* Included Lake Glubokoye.
** Field observation.
*** Apparent distribution ratios between suspended solids and ambient water.

- 1 0 7 -



100 •

80-

60-

40-

20.

0.

Sahan rivre (April, 1998)

1

J .' ' I -

>1O0 k 100 k > > 1 Q k i Q k > > 1 k

100.

80.

60.

40.

20.

0.
>1OO k 100 k> > 10 k 10 k> >1 k Ik >

100-

80-

60-

40.

20.

0.

239,240pu

r . 1 11

S

>100 k 100 k > > 10 k 10 K> > 1 k

igc 12 Distribution of dissolved radionuclides and organic carbln in Sahan
river water in diffrerent large molecuar sizes using ultrafiltration.
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Fig. 13 Associated soild phases in surface soil and suspended particles by selective sequential extraction procedure*

* "BCR" method, Thomas et al. 1994
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Collected from Pripyat River, April 1999
15 km down the Nuclear Power Plant.

a track mapping with CR-39 film

Fig. 14 "Hot particles" remaining in the bottom sediment collected in the major stream in the Chernobyl Exclusion Zone


