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Abstract

The radioactivity concentrations for *°Sr and '*’Cs in soil samples collected near Fukushima Daiichi nuclear power station
were investigated. The depth profile of *’Cs from the surface soil to 20 cm showed a typical decreasing tendency, that is,
high radioactivity from the surface down to 5 cm due to the strong sorption of specific minerals. After deposition of *°Sr,
%0Sr has migrated to deeper soil layers in the past 5 years compared to '*’Cs. This tendency was supported by the results of
sequential extraction to identify the predominant sorption species, and by the sorption coefficients determined by batch-wise

sorption experiments.
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Introduction

The severe accident at Fukushima Daiichi nuclear power sta-
tion (FDNPS) on 11 March 2011 was caused by the tsunami
that followed the great earthquake of magnitude 9.0. Hydro-
gen explosions, a breach of reactor pressure vessels, and vent
operations occurred in reactors, resulting in the release into
the atmosphere of enormous amounts of radionuclides con-
tained within the fuel. Highly radioactive plumes, containing
fission products such as '3Cs, 13°Cs, 1¥7Cs, 131, 12™Te, and
90Sr, were transported from the reactor buildings to the local
and regional environment [ 1-3]. Several years after the acci-
dent, many researchers have been involved in tracking and
monitoring hazardous radionuclides, especially the gamma
emitter *’Cs with a half-life of ca. 30 years [4]. Both wet
and dry deposits of radioactive Cs have been investigated
[5, 6]. Sanada et al. [7] measured the distribution of air dose
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rates and the distribution of radioactive cesium deposition on
the ground within a radius of approximately 5 km from the
NPS, using an air-borne survey system. The footprint of sev-
eral radioactive plumes with quite high gamma radioactivity
that extended from the FDNPS was illustrated. Meanwhile,
less emission of Sr has been estimated and this attributed to
its lower volatility. In a report by the Ministry of Education,
Culture, Sports, Science and Technology (MEXT) [8], it is
noted that a short half-life radionuclide (¥Sr), which is a
characteristic product of nuclear accidents, was detected in
5 cm-thick soil from the surface collected from a wide area
of Fukushima prefecture, while a significant but quite low
contamination (over 10 Bq kg~! dry soil) of *°Sr, with a half-
life of around 30 years, was observed in limited samples col-
lected from the NPS, mainly along the north-west direction
and at very few isolated points. A similar study conducted by
the government and Fukushima prefecture also showed sig-
nificant contamination in some locations in Fukushima [9].
Near the main gate of FDNPS in 2011, a soil sample with a
high ¥’Cs activity concentration of 1,790,000 Bq kg™! con-
tained a *°Sr concentration of only 1070 Bq kg™' [10]. In a
recent study by Rosenberg et al. [11], the depth profiles of
137Cs and ?°Sr in soil collected at the Fukushima exclusion
zone were investigated. They found the high activity level
of Cs and the tendency of a near exponential decline with
depth down to 15 cm. On the other hand, 98y concentrations
at most 385 Bq kg~! showed 3—4 orders lower than '*’Cs.
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Due to the low radioactivity of *’Sr, only two soil layers at
0-2.5 cm and 2.5-5 cm were analyzed.

In such early studies after the accident, an evaluation of
the transport ratio was attempted. This is the ratio of the
activity concentration of *’Sr to that of '*’Cs, divided by
the ratio of activities of the nuclides in the source term.
The *°Sr/!37Cs ratios showed a slight decreasing tendency
with depth [11], though the number of data available was
limited. As Koma et al. [12] proposed, the transport ratio
may not provide information on the transport process, but
may merely describe the difference between the activities
of the initial (fuel debris as a source term) and resulting
(contaminated) materials. Thus, it is essential to know, or
presume, contamination behavior in a variety of off-site and
on-site radioactive wastes. Koma et al. analyzed the trans-
port ratio based on the reported values of '*’Cs and *’Sr
concentrations in the contaminated soil sampled at several
points across the FDNPS [13] and surrounding the FDNPS
[14, 15]. The transport ratio might depend on the direction
from the reactor buildings because the source term of the
reactor fuel, the release conditions of the nuclides, and the
timing of the hydrogen explosion were different. Neverthe-
less, the ratios seem to be distributed in one or two orders of
variation, probably due to the complex diffusion of nuclides
released into the environment. For a more reliable estimate
of the total amounts of wet and dry depositions, analysis of
the transport ratio is still under discussion. Moreover, the
impact of resuspension corresponding to a soil-dust suspen-
sion (as an atmospheric carrier) on the temporal change of
the radionuclide concentration in the surface soil has long
been discussed [16]. In the area near FDNPS after the acci-
dent, Steinhauser et al. [17] found that a significant intermit-
tent release of airborne radionuclides in 2013, long after the
initial huge releases in spring 2011. Since this process would
also change the transport ratio over a long period of time,
the high inventory of '*’Cs and *°Sr as a source term should
be analyzed early after the accident.

Even more than 5 years after the accident, radionuclide
transport into deeper soil layers would be expected to pro-
ceed in each redistribution process. In particular, the depth
profile of contamination is one of the most important data
required to develop a model of nuclide migration. In 2011,
Tanaka et al. [18] investigated vertical profiles of '*’Cs (and
1311) in the core soil samples collected about 60 km from the
FDNPS, and found that more than 87% of Cs distributed
at depths of 0-5 cm . Takahashi et al. [19] investigated the
vertical distribution of '*’Cs in soil profiles to characterize
the patterns of migration in different types of land use, such
as forest, grassland, and agriculture. Such land use patterns
have a large influence on some soil properties and on the
migration processes of '*’Cs above ground, resulting in dif-
ferent vertical distributions of '3’Cs. This might be explained
by a trend of exponential decline with depth, but the vertical

@ Springer

distribution in the soil column of radionuclides other than
Cs has not yet been studied systematically. With the object
of on-site dose reduction to improve the work environment
of the site, a decontamination treatment, including tree trim-
ming, removal of surface soil, deep plowing, and asphalt
placement, has already been completed. Therefore, it was
difficult to collect highly contaminated soil at the site, and
the objective of this study was to measure the high radioac-
tivity concentrations of Sr and Cs in soil samples collected
in the vicinity of the FDNPS. This knowledge would provide
an insight into understanding the depth profile of radionu-
clides in soil.

Additionally, clarification of the role of organic matter in
the distribution of '¥’Cs and *°Sr in soil would be helpful to
understand the chemical forms of nuclides and the interac-
tions between soil-water phases. Sequential extraction meth-
ods have been performed to determine radionuclides in soil
samples [20-22], but a domestic or international standard
procedure has not been defined yet. Therefore, a multi-step
extraction scheme for the present study was modified by
referring to previous studies [23], in which the extract-
ants used at each stage are generally intended to release
the nuclides associated with particular soil phases, such as
water-soluble, ion-exchangeable, acid-soluble, reducible,
oxidizable, and residual phases.

In addition, the sorption distribution coefficient, K, of
nuclides on the soils, collected at different depths from the
ground surface, was determined by laboratory batch sorp-
tion experiments, for use as one of the fixed parameters in a
model to predict future long-term vertical transport.

Experimental
Sampling protocol

As shown in Fig. 1, two undisturbed sampling sites were
selected at the site border of FDNPS, at 37° 24’ 49.84" N
and 141°01'44.18" E (called ‘site-A’) and at 37° 25" 01.38"
N and 141° 01’ 22.67" E (called ‘site-B’). Three samples
were collected at each site, in January 2016, August 2016,
and June 2017, and are denoted as site-A-1601, site-A-1608,
site-A-1706, site-B-1601, site-B-1608, and site-B-1706. The
current vegetation in site-A and that in site-B are different
from each other. The site-A is a sparse coniferous forest of
Cryptomeria japonica, Pinus thunbergii, Pinus densiflora,
and Abies firma, covered with bamboo grass and other
undergrowth. The site-B is a mixed forest of deciduous
broad-leaved (Cerasus spp. and Alnus firma) and evergreen
coniferous trees (Cryptomeria japonica and Pinus thunber-
gii) in approximately equal numbers. The tree height and
tree density of the canopy layer in site-B are 12—-18 m and
1,460 ha™!, respectively. Evergreen broad-leaved shrub
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Fig.1 Map of soil sampling sites (sites-A and -B) in the vicinity of
FDNPS

trees (Eurya japonica and Neolitsea sericea) exist sparsely
as undergrowth cover.

These areas were contaminated at a level of 82 uSv h™!
for site-A and 138 uSv h™! for site-B (as of January 2016),
at a height of 5 cm from the ground surface. Fresh brownish
soil at sites-A and -B was classified as Andosol. The thick-
ness of the organic litter layer at each site was a few centim-
eters on average. After removing this layer by hand, the soil
was sub-sectioned into 1 cm increments for the uppermost
20 cm by using a scraper plate (450 cm? in surface area) with
careful attention to cross-contamination [24].

For the sorption experiment, natural spring water was
collected as the aqueous phase on the slope of the small
forest near the site-A sampling point. The water was kept
in the refrigerator until use. One liter of water was equili-
brated with 20 g fresh soil at 10 cm-depth at site-B, followed
by filtration using a PTFE membrane with a 0.45 pm pore
size (Advantec) attached to a plastic syringe. This solution
is referred to as “soil water” in this study. The chemical
properties of the fresh spring water and the soil water were
measured by ICP-OES (SpectroBlue, Spectro Analytical
Instruments) for major elements, and with an electrical con-
ductivity meter (CM-31P, DKK-TOA).

Sample preparation and characterization

The soil was passed through a 10-mesh sieve (passing par-
ticles smaller than 2 mm) to exclude large fallen leaves,
branches, and pebbles. After careful homogenization by
hand, the soil sample at each depth was dried in air at 105 °C
overnight, its density then being defined as the dry bulk den-
sity (g cm™). The moisture content, which is a measure of
the amount of water contained in unit mass of soil, was esti-
mated. Standard grinding using a tungsten carbide mortar,

and mounting the soil on a 0.5 mm thick glass slide, was per-
formed prior to X-ray powder diffraction (XRD) analyses.
The XRD measurements were performed with an Ultima IV
X-ray diffractometer (RIGAKU SmartLab) using Cu K-al
radiation at 45 kV and 200 mA with a D/teX Ultra 250
detection system. The range of 26 scanning was from 4° to
90° in steps of 0.01° with a counting time of 0.06 s per step.

For gamma-ray measurement of '3’Cs, the soil was placed
in a 100-mL U-8 polystyrene cylindrical container 50 mm
in inner diameter (a standard container in Japan), and the
weight and height were measured in the container. The fresh
dry soils sampled at four depths (1, 4, 9, and 17 cm) were
used for the sequential extraction experiment.

For ICP-MS measurement of °°Sr, we considered that
the simple digestion method should be suitable for leach-
ing Fukushima-derived *°Sr sorbed on the surface of soil
mineral particles and complexed with natural organic matter,
although this method would not allow the dissolution of all
mineral components of the soil, and might result in the par-
tial extraction of natural strontium. The dried samples were
burnt in a porcelain crucible at 500 °C for 4 h in a muffle
furnace (FO100, Yamato), and natural organic matter was
estimated as the weight loss as loss on ignition. Following
ignition, a 4.5 g portion of the soil placed in a closed Teflon
vessel was digested with 15 ml of 20% (v/v) nitric acid at
200 °C for 2 h under a weakly pressurized condition. The
resulting suspension was centrifuged at 2,000 X g for 5 min,
and the supernatant solution was passed through a 0.45 pm
membrane filter (ADVANTEC).

Determination of Cs and Sr radioactivity
concentrations

The '*’Cs radioactivity concentration was measured
using a gamma-ray spectrometry system consisting of an
n-type coaxial high-purity Ge detector with a Be window
(GMX15P4, Ortec, relative efficiency 15%) coupled to a PC-
based 8 K multichannel analyzer (Trump ISA-8 K, Ortec).
The energy resolution measured in terms of full width at
half maximum (FWHM) is 1.84 keV at 1332.5 keV of ®*Co
gamma ray energy. The detection efficiency of the gamma
rays was calibrated with an accuracy of 2-10% using a
multiple gamma ray standard source (MX033US8PP, Japan
Radioisotope Association) with an energy range of 88 keV to
1836 keV. The spectrum was acquired for '3’Cs (662 keV),
and the radioactivity was normalized by the dried soil
weight.

The concentration of *°Sr in soil was determined by the
conventional ICP-MS method as described by Takagai et al.
[25]. Briefly, a mass spectrometer (ELAN DRC II, Perki-
nElmer) was equipped with the following accessories: (1)
an on-line chelate column (50 mm long and 4 mm in inner-
diameter) filled with extraction chromatographic resin (0.2 g
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of Sr resin, Eichrom) to separate strontium from most other
metal ions, connected to a peristaltic pump for 8-channel
flow (FIAS 400, PerkinElmer); (2) an ultrasonic nebulizer
(U5000AT, CETAC) to enhance the sensitivity; and (3) a
collision-reaction cell (the so-called dynamic reaction cell
system preinstalled in ELAN DRC II) to separate the iso-
bars *°Zr and *°Y from *°Sr by selective reaction of Zr and
Y with ultrapure O, gas (>99.9999%, 1.6 mL min~"'). The
Sr resin, which contains hydrophobic 18-crown-6 (crown
ether) derivative in 1-octanol on an inert polymeric support,
can selectively retain strontium, and the matrix ions such as
Na* and most of the minor elements can be eluted from the
resin by 20% (v/v) nitric acid. The concentrated strontium
was leached out using 10 mL of 0.01 M nitric acid, and the
ICP-MS measurement was then carried out. The extremely
low molar concentration of *’Sr was determined based on
the peak area of counting with a calibration curve of non-
radioactive Sr standard solutions, and with yield corrections
applied by using the !*°In internal standard, and 3®Sr, which
is the one of isotopes leached from the sample soils, where
the matrix °Sr was diluted below the upper detection limit
of ICP-MS. In this solution condition, a tailing interference
from a neighboring peak of ®SrH was also negligible. Thus,
the instrumental settings and on-line chemical conditions
were optimized. Radioactivity measurement series No. 2
[26] was applied to some of the soil samples to determine
the specific radioactivity concentration of *°Sr. Shortly, the
soil sample was ashed, and then nitric acid was added to
soil ash in the digestion process. *°Sr was isolated from *°Y
by co-precipitation methods using oxalic acid, Ba(II), and
Fe(III). The radioactivity of *°Sr in soil was determined by
a gas flow detector after milking of °°Y. The data obtained
by both ICP-MS and radioactivity measurement series No.2
were used to discuss the distribution of *°Sr in the depth
profile.

Sequential extraction procedure

Three steps of sequential treatment were each divided into
four targets: (1) ultra-pure water at neutral pH to extract
water-soluble Cs and Sr under typical mild conditions; (2)
ammonium acetate at neutral pH to exchange weakly bound
cations; (3) hydrogen peroxide in hot acid medium to extract
these cations bound to the soil surface and the organic com-
ponent; and subsequently; 4) Cs and Sr in the remaining
residue. Fig. S1 defines the four fractions in the partitioning
of 1¥7Cs and °Sr, and some details of the solution condi-
tions, contact times, and treatment methods.

A 25 g-dry weight portion of fresh soil (site-A-1706
or site-B-1706, sampled at 1, 4, 9, or 17 cm in depth) was
treated with 62.5 mL pure water in a 250 mL perfluoro
alkoxyalkane (PFA) bottle. During the extraction under
atmospheric conditions at 25 °C, the bottles were shaken
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vigorously at 70 oscillations per minute using a shaker
(BR-43FL-MR, Taitec) for 1 h. The supernatant obtained by
a brief centrifugation treatment followed by passing through
a 0.45 pm polytetrafluoroethylene (PTFE) membrane filter
was treated as fraction—W. The residue was washed with an
additional 10 mL of pure water, and the filtrate was com-
bined with fraction—W.

A 100 mL portion of 1 M ammonium acetate at pH 7 was
added to the residual soil. After 16 h of shaking, the super-
natant contained cations exchangeable by ammonium ions.
It was filtered through a 0.45 pm pore membrane filter, and
the filtrate was treated as fraction-E.

The residue was added to 50 mL of H,O, solution (9:1v/v
30% H,0,: 0.1 M HNO;) in a 250 mL PFA bottle. The sus-
pension was kept without shaking at room temperature to
avoid the uncontrolled acceleration of an exothermic decom-
position reaction with the large amount of organic matter
in the soil. The solution was then heated for 4 h at 85 °C in
a hot water bath, and the supernatant was separated from
the soil. The extraction procedure with H,O, + HNO; was
repeated once more with 16 h aging at 85 °C. After separa-
tion of the supernatant from the soil, 100 mL of 1 M ammo-
nium acetate (pH 5 with HNO,/CH,COOH) was added to
the supernatant and incubated for 16 h at room tempera-
ture. The supernatants were combined and filtered through
a 0.45 um pore membrane filter, and were denoted as frac-
tion-O, which provides a measure of *°Sr and *’Cs bound
to organic matter. The residual soil minerals that were tightly
bound to *Sr and '*’Cs were dried as fraction—R.

Fractions-W, -E, and -O in polypropylene tubes were
evaporated using a dry block bath (EB-303A, AZ-ONE),
and the radioactivity of '*’Cs was determined using gamma-
ray spectrometry. The residue from evaporation in the tube
was dissolved again by 10 mL of 20 wt% nitric acid, fol-
lowed by extraction of strontium overnight with 1 g of the Sr
resin. After stripping the Sr from the resin with pure water,
20Sr was measured by ICP-MS as described above. The *°Sr
radioactivity of fraction—-R was estimated by subtracting the
sum of the *°Sr activities of fractions-W, -E, and -O from the
total radioactivity.

Batch experimental study of the sorption
coefficients

The experimental studies on adsorption of Cs and Sr were
carried out in a batch system. A 0.2 g portion of each of the
specimens (site-A-1706 and site-B-1706) without decom-
position of the soil organic matter was mixed with 10 mL of
the soil water as aqueous phase in a 13-mL polypropylene
(PP) centrifuge tube (Sarstedt), and the initial 85Sr and '3*Cs
radioactive concentrations were each set to ca. 20 kBq by
the addition of carrier-free solutions. This radioactivity cor-
responds to ca. 3 X 107" and 3% 107! mol dm™3 (M) Sr and
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Cs, respectively. Since the maximum inventory of **Cs in  tracer of Cs. The K, values were evaluated based on Eq. (1)
the highly contaminated surface soils was ca. 0.1-0.5 kBq  and the initial radioactivity in the soil.

per 0.2 g, the initial radioactivity lower than the added
20 kBq was negligible impact on the present sorption study.

The initial pH was adjusted by addition of HCl or NaOH
solutions. The pH (D-52/9611-10D, Horiba) and electro-
conductivity (WM-32EP/CT-27112B, TOA-DKK) were
recorded. During the batch experiments under atmospheric
conditions at 25+ 1 °C, the centrifuge tubes were agitated
using a bench-top rolling shaker at a speed of 6 rpm (Roller
10, IKA) for 7 d. The supernatant was filtered through a
0.45-pm pore filter membrane, followed by transfer to a new
13-mL PP test tube. The filtrate was acidified by addition of
a tiny portion of conc. HCI, and evaporated using an alu-
minum block heater (EB-303A, AS One) at 368 K to prepare
a solidified point-like source of gamma rays. All the chemi-
cal reagents used were of analytical grade and were used
without further purification.

The photo peak area corresponding to each nuclide
(605 keV for '**Cs and 514 keV for ¥3Sr) was evaluated,
making use of calibration curves prepared by using point-
like sources of original tracer solutions. The sorption distri-
bution coefficient K (m® kg_l) of radionuclides was calcu-
lated using Eq. (1),

Results and discussion
Soil properties

Figure 2 shows the depth profiles of the dry bulk density
and the moisture content. The bulk density increased signifi-
cantly with soil depth between 0 and 5 cm, since the lower
layers are generally compacted and have less organic matter,
less aggregation, and less root penetration compared to the
surface layers. On the other hand, the water content of the
topsoil at 0-5 cm depth was higher than 0.5, and decreased
with depth. A similar trend for the dry bulk density and the
water content with depth is shown in the tables of references
[27, 28]. A decrease in the loss on ignition with depth is also
a feature of the soils, as shown in Fig. 2. However, below
the depth of 5 cm (except site-B-1601), the loss on ignition
was practically of the same low order at the different depths,
indicating very little organic matter. This tendency has been
found in the previous work, which was done in a forest site
of the southwestern part of Fukushima city [29]. Thus, these
( A - A) v three major properties of soil in Fig. 2 are closely linked.

K= AW (D The XRD spectra of soils site-A-1706 and site-B-1706 at

four depths are shown in Fig. S2. The predominant mineral
where V is the volume (m?) of aqueous solution at sorption fractions of soil were found to be SiO, (quartz, cristobalite),
equilibration, W is the weight (kg) of the air-dried soil sam-  plagioclase (albite), which might be a product of decom-
ple, and A and A are, respectively, the initial and final (after ~ posed granite, and vermiculite. The clay component was
equilibration) activities in the aqueous phase. The desorption ~ not clearly assigned, but it could be generally composed of
behavior of the sorbed '*’Cs was examined using a sample of ~ fertile soil. The XRD pattern was independent of the depth
soil from site-B at 1 cm depth without adding the radioactive ~ up to 20 cm, indicating a similar mineral composition.

Fig.2 Depth profile of dry bulk Dry bulk density [g/cm3] Moisture content [-] Loss on ignition [-]
density, moisture content, and
. Lo 0.0 0.5 1.0 1.5 0.0 0.5 1.0 0.0 0.5 1.0
decrease in the loss on ignition 0 0 0
of soil samples
5 5 5
= < =)
e 10 = 10 = 10
93 9]
A A A
15 15 15
20 20 20

@ site-A-1601, Asite-A-1608, m site-A-1706, Osite-B-1601, Asite-B-1608, O site-B-1706 |
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Vertical distribution of '3’Cs

The vertical distributions of the '*’Cs concentration at
site-A and site-B in the vicinity of the FDNPS are shown
in Fig. 3. The activity concentrations were corrected to
allow for the different sampling dates. Some experimental
data (site-A-1608 in Fig. 3) could not be obtained because
large stones and roots at the depth prevented further dig-
ging. The row value data are listed in Table S1 as sup-
plemental information. According to a general gamma-
ray spectroscopic measurement [30], the '*’Cs activity of
the surface soil samples at 0—5 cm depth was found to
be as high as 1.07 x 10" Bq kg™! dry weight for site-B.
The concentration of '*’Cs decreased with depth, but the
concentration below 10 cm in depth was still two orders
of magnitude lower than that in the top-soil even 5 years
after the initial fallout. This suggests that some chemi-
cal components, such as clay minerals and natural organic
matter, interact strongly with radioactive cesium [31].
The sorption would be highly selective for Cs, and this

is supported by microscopic studies of cesium sorption
on minerals such as clay [32], and biotite and muscovite
[33]. A similar tendency for exponential distributions has
been found in the previous work of the MEXT project,
which was done in a wide area of 100 km radius around
the FDNPS in 2011-2012 [8]. The maximum '*’Cs con-
centration at the soil surface was ca. 10* Bq kg™!, which
is three orders lower than our findings in 2016 at different
distances from the FDNPS. Those researchers also found
an anomalous temporal change in distribution in some
sampling regions due to soil disturbance, cultivation, or
decontamination work [34]. Kurikami et al. [35] tested a
modified diffusion-sorption-fixation model for reproducing
radiocesium depth profiles measured in Fukushima soils.
The present study also found that the long-tail exponential
distribution was well maintained in undisturbed soils. Nev-
ertheless, three depth profiles in sampling points site-A
and site-B do not exhibit exactly the same temporal change
to deeper migration. Even if soil sampling was done in an
area with a radius of a few meters, the detailed conditions
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Fig.3 Vertical distribution in soils of '*’Cs (upper) and **Sr (bottom). The symbol * denotes the results measured by the method in radioactivity
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measurement series No. 2 [26]. The gray plots represent the values below LOD for ICP-MS
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of soils, which might affect the migration, would be dif-
ferent from each other. This fact would also apply to other
radionuclides.

Vertical distribution of °°Sr

The radioactivity concentrations of *°Sr measured by ICP-
MS are plotted, with some results from radioactivity meas-
urement series No. 2, in Fig. 3. The values for recovery yield
correction in the mass spectrometry including the on-line
extraction chromatography was 30% in average but scattered
depending on samples. Therefore, the *’Sr concentration was
corrected by using each recovery yield. Although there are
not enough data to verify the integrity of the values evalu-
ated by both analytical methods, there appears to be reason-
able consistency, within the variability of the digits, in the
upper soil layers. Therefore, both data can be treated and
considered in this study. The row value data are also listed
in Table S1. The activity concentration of *°Sr ranges from
hundreds to 10,000 Bq kg™!, which is distinctly high in com-
parison to the background level of less than ca. 10 Bq kg™
(in average) due to the legacy of global fallout before the
severe accident at the FDNPS [1]. The values for *°Sr are
lower than those for 137Cs, and this fact would be due to
the lower volatility of Sr from the source terms known as
melted cores.

%9Sr data at 500 m in the southwestern direction from the
Units 1 and 2 exhaust stacks, which are located close to site-
A, were reported by TEPCO in 2011 [36]. These values are
relatively low, in the range between (4.0+0.17)x 10! and
(5.7+0.06) x 10* Bq kg~'_dry soil, compared to the maxi-
mum values of 1.7x 10° and 1.4 x 10* Bq kg™! fresh soil at
site-A and site-B, respectively, as seen in Fig. 3. This indi-
cates that directional plumes deposit radionuclides around
these areas.

Unlike that of '3’Cs retained in the surface layer, the verti-
cal distribution of the *°Sr concentration is relatively “flat”,
implying that strontium could diffuse into the soil, although
some values in the deeper and even shallower layers were
below the limit of detection (LOD, 3 sigma) for ICP-MS.
Here, the LOD value was not the same for each sample,
because the calibration curve was obtained in every meas-
urement. In particular, the strong affinity of clay minerals in
the top soil for Cs has been analyzed by various experimen-
tal and theoretical studies [37, 38]. The *°Sr depth profile of
site-B samples showed a slightly decreasing tendency with
depth, and a maximum concentration at the surface, similar
to the Cs profile. On the other hand, the profile of the site-A
samples has a small peak for layers at a depth of ca. 5 cm or
deeper. The continuity in depth of the bulk properties, such
as the loss on ignition, was found as discussed in the previ-
ous section, supporting the absence of any clear difference in
the properties of all soil samples. Therefore, other possible

reasons, such as the formation of specific colloids, the pres-
ence of organic matter and particles, and the influence of
the aquifer on horizontal transport, need to be considered
in further studies.

Sequential extraction

Four soil samples at depths of 1, 4, 9, and 17 cm were exam-
ined. The pH values of fraction-W after contacting with soil
for 1 h were 5.2 (1 cm), 4.6 (4 cm), 4.6 (9 cm), and 4.6
(17 cm) for site-A, and 5.7 (1 cm), 4.0 (4 cm), 4.4 (9 cm),
and 4.6 (17 cm) for site-B, respectively. These soil pH data,
except those in the top soil, were less than 5, which could be
categorized as strongly acidic soil.

The activity concentrations of '*’Cs released in sequential
extraction treatments at the four depths are shown in Fig. 4.
Fraction-R for '*’Cs in the surface soils was predominant
(>99%) in the present sequential extraction system, indi-
cating a strong sorption of most Cs on the soil, whereas the
137Cs in fractions-W, -E, and -O are quite minor. It is noted
that the fraction-W of Cs was only found in the top soil of
site-A and site-B containing a richer litter. On the contrary,
the existence ratio of '*’Cs in fractions-E and -O increased
with depth. The Cs component of these fractions was mobile
in the soil compared to that of fraction-R. It can be con-
cluded that the proportion of mobile components relative to
fraction-R increased with depth, but most of the Cs in the
deeper soil layers still existed in fraction-R.

The results of sequential extraction for **Sr are shown in
Fig. 4. Though some *°Sr concentrations in deeper layers
were low, close to or below the LOD for ICP-MS, the major
fraction of *°Sr would be fraction-R, suggesting a strong
interaction with soil at site-A and site-B, similar to the '*’Cs
system. However, the proportion of mobile components, as
in the individual fractions-W, -E, and -O, relative to fraction-
R, is higher than that shown by Cs. Such a difference in the
sequential extraction could result in the vertical distribution
of B7Cs and °Sr. But in particular, fraction-E in the top
soil of site-B (containing one of the highest *°Sr concen-
trations in this study) is as high as fraction-R, though the
sorption and desorption mechanism is still not completely
understood.

Adsorption properties of 13*Cs and 8°Sr tracers

The major elements in the fresh spring water and the soil
water were measured using ICP-OES. The respective
concentrations (spring/soil) are 15.2/13.8 ppm for Na,
0.8/4.4 ppm for K, 2.6/0.8 ppm for Mg, 1.7/0.8 ppm for Ca,
11.4/13.2 ppm for Si, and ND/0.2 ppm for Al. The electrical
conductivities were 13 and 34 mS m™!, respectively, which
is typical of the natural groundwater system in Japan. Thus,
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Fig.4 '¥Cs and *Sr frac-
tionations of soil samples at
site-A-1706 and site-B-1706
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Fig.5 pH and depth dependences of K values for *Cs and 33Sr trac-
ers, with reference values

there is a slight increase in the number of major ions, but the
change is not significant.

Figure 5 shows the pH dependence of log K (m®kg™") for
tracer '3*Cs between the surface soil of site-B and the soil
water. The K value decreased with a gradual decrease in pH

@ Springer

from 7 to 3.5. A similar trend with pH is shown in the plots
of references [39—42]. These results may suggest a tendency
for surface complexation at a mineral sorption site or with
organic matter. The desorption experiment was performed
using the top-soil (1 cm) of site-B, as shown in Fig. 5. The
log K, values were as high as 2 in the pH range of 3-6, sug-
gesting that the existing sorbed '*’Cs could not be released
easily from soil, especially at specific binding sites of clay
mineral particles. With regard to the contrast between the
sorption and desorption values, the additional tracer 134Cg
may be sorbed not only on the specific and strong sorption
sites but also on weaker sorption sites. Such a strong interac-
tion of Cs with clay minerals in soil has long been studied
[43]. The K, values for site-B at depths of 4, 9, and 17 cm,
and those for site-A are also plotted. The log K; values for
Cs on site-B soil increased from 0 (1 cm) to 1 (17 cm). The
values and the depth dependence for site-A are almost the
same as for site-B, supporting the similarity of soil proper-
ties such as the content of organic matter and minerals and
their variation with depth.

The pH dependence of K, for %Sr is also shown in Fig. 5.
It is noted that log K for site-B increased with increasing
pH, similar to the Cs system, with values slightly higher than
those for Cs. The different mineral components and contents
of other compounds, such as organic matter, might also be
sensitive to the range of K, values. Meanwhile, the log K
values are independent of the depth. The clear difference
between Cs and Sr could be caused by the different sorption
properties of different types of sites in soil.

A specific interaction of the Sr** ion with a certain nega-
tively charged site on some mineral component of the pre-
sent soils is considered. The Sr sorption onto the minerals
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has been investigated. In the early study by Zachara et al.
[44], the sorption on calcite as a surface exchange reac-
tion between Sr** and Ca®* (CaCO;) was negligible. But,
it would not be applied to the present study, since no sig-
nificant content of calcite was found in the soil samples
collected near FNDPS. Bracco et al. [45] suggested that Sr
was not only sorbed but also incorporated to barite surface
(BaSO,), probably due to the similar ion size and chemical
properties of alkaline earth metals. Therefore, the effect of
these reactions on the *°Sr sorption would be negligible.

The pH dependence for Sr has been generally recognized
for clay converted to the sodium form [46], and zeolite [47].
Moreover, a sorption reaction was observed in amorphous
silica and in the goethite system [48]. In a higher neutral pH
region, Konishi et al. [42] measured the K, values at neutral
pH for the loam (a mixture of clay and silt) collected in
Tohoku district (including the Fukushima region), Japan.
The log K, plots seem to be relatively low compared with
our results, which might be due to a higher initial Sr con-
centration (107> M). However, the log K, values for tracer
amounts of radioactive *°Sr in silty-clay loam in Savar,
Bangladesh at pH 8 [41] were in good agreement with the
data of Konishi [42]. For a future simplified modeling of the
interaction between *°Sr and the Fukushima soil surface, the
apparent surface charge of the soil may be primarily assumed
to result from a simple acid—base reaction at a mineral sur-
face:=SOH," <>=SOH +H* and=SOH <> =SO™ + H",
where=SO™ denotes a sorption reaction site on a mineral
or a functional group of an organic compound, and the num-
ber of sites increases with increasing pH. Trace amounts
of 83Sr sorption would then result from the following reac-
tion: =SOH + Sr** «<>=S0Sr* + H. Further studies should
be needed to clarify the macroscopic interaction of *’Sr.

Transport ratio of *°Sr

The transport ratio Ty ,, of %Sr is defined as

_ CSr,x /ISr,fuel

X T
CCs,x /ICs,fuel

where I [Bq] is the inventory of '*’Cs and *°Sr in the spent
fuel of the unit from which the deposited radionuclides were
released, and Cc, , and Cg,, are the activity concentrations
(Bq kg™") of the x cm thick soil sample (from the surface).
Koma et al. [12] reported the Ty of the surface soil collected
in the southern area of the plant. Some values in the range
of 1073 to 10~* gradually decreased with time, which might
suggest that Sr migrated to the deeper soil layers ahead of
Cs. Figure 6 shows the relationship of C¢ ; and Cg, | (x=1)
with reference values, which were analyzed for the surface
soil samples. Sahoo’s data obtained in the south direction
[49] are similar to the present values, whereas those in the
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north-west direction are lower, and the C values of *°Sr are
relatively higher, suggesting a higher T value. The ratio of
Cc, to Cg, seems to have a good linear relationship with the
results of this study.

Based on the depth profile in the present study, the calcu-
lated Ty , values (x=1, 2, ..., 20) are shown in Fig. 7, where
Is; fuet/ s fuer 18 @ssumed to be 1.335 [50]. It was found that
most of the Ty , gradually increased with depth because of
the increase in the ratio of Cg, to Cc in the deeper layers.
Similar to the existing data [12], most of the Ty , values fell
between ca. 1073 and 10~* regardless of the soil layer thick-
ness. However, the T , of site-A-1608 increased sharply in
the layers between the surface and 6 cm depth, which was
caused by a significant increase in the *Sr concentration.
The interpretation of such a local increase in concentration
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in specific layers may require consideration of additional
transport processes such as suspended matter and horizontal
migration.

Conclusions

The depth profile of *°Sr in soil samples collected from the
surface to a depth of 20 cm near the FDNPS was investigated
by ICP-MS with a chemical separation system dedicated to
Sr concentration. The inventory of °Sr deposition on the
soil was much less than that of '*’Cs because of its lower
volatility in the melted cores from the severe accident. In the
5 years after deposition, **Sr migrated to deeper soil layers,
and some local peaks were observed, suggesting a significant
vertical migration. On the other hand, the strong sorption
of 137Cs on the surface soil component was found to be the
same as previously reported. The batch-wise sorption exper-
iment at the neutral pH of the natural water system using
carrier-free isotopes of 3°Sr and **Cs showed that the loga-
rithmic apparent adsorption coefficients of these nuclides
fell within the same range of 0—1. In addition, the sequential
extraction showed that the predominant sorption species of
%0Sr were not only soil minerals but also organic compounds,
whereas '*’Cs could be strongly sorbed on specific miner-
als such as clay. As a consequence, '2’Cs in forest soils has
migrated very slowly, and the dramatic downward migration
of large amounts of '*’Cs would be unlikely to be found in
the future. Such depth profiling suggests that high concentra-
tions of Cs and Sr were initially deposited on the surface lit-
ter and soil, and were then gradually eluted by ion exchange
reactions to be transferred to deeper soil layers. With the
knowledge of the present distribution, further investigation
of model parameters, such as the effective diffusion coeffi-
cient, constant flow velocity, and the effective first-order rate
coefficient for ion exchange between the aqueous domains,
is needed for reliable modeling in the future.
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