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a b s t r a c t

In order to assess how environmental factors are affecting the distribution and migration of radioiodine
and plutonium that were emitted from the Fukushima Dai-ichi Nuclear Power Plant (FDNPP) accident,
we quantified iodine and 239,240Pu concentration changes in soil samples with different land uses (urban,
paddy, deciduous forest and coniferous forest), as well as iodine speciation in surface water and rain-
water. Sampling locations were 53e63 km northwest of the FDNPP within a 75-km radius, in close
proximity of each other. A ranking of the land uses by their surface soil (<4 cm) stable 127I concentrations
was coniferous forest > deciduous forest > urban > paddy, and 239,240Pu concentrations ranked as de-
ciduous forest > coniferous forest > paddy � urban. Both were quite distinct from that of 134Cs and 137Cs:
urban > coniferous forest > deciduous forest > paddy, indicating differences in their sources, deposition
phases, and biogeochemical behavior in these soil systems. Although stable 127I might not have fully
equilibrated with Fukushima-derived 129I, it likely still works as a proxy for the long-term fate of 129I.
Surficial soil 127I content was well correlated to soil organic matter (SOM) content, regardless of land use
type, suggesting that SOM might be an important factor affecting iodine biogeochemistry. Other soil
chemical properties, such as Eh and pH, had strong correlations to soil 127I content, but only within a
given land use (e.g., within urban soils). Organic carbon (OC) concentrations and Eh were positively, and
pH was negatively correlated to 127I concentrations in surface water and rain samples. It is also noticeable
that 127I in the wet deposition was concentrated in both the deciduous and coniferous forest throughfall
and stemfall water, respectively, comparing to the bulk rainwater. Further, both forest throughfall and
stemflow water consisted exclusively of organo-iodine, suggesting all inorganic iodine in the original
bulk deposition (~28.6% of total iodine) have been completely converted to organo-iodine. Fukushima-
derived 239,240Pu was detectable at a distance ~61 km away, NW of FDNPP. However, it is confined to the
litter layer, even three years after the FDNPP accident-derived emissions. Plutonium-239,240 activities
were significantly correlated with soil OC and nitrogen contents, indicating Pu may be associated with
nitrogen-containing SOM, similar to what has been observed at other locations in the United States.
Together, these finding suggest that natural organic matter (NOM) plays a key role in affecting the fate
and transport of I and Pu and may warrant greater consideration for predicting long-term stewardship of
contaminated areas and evaluating various remediation options in Japan.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

The catastrophic Tohoku earthquake of magnitude 9.0 hit off the
east coast of Japan on March 11, 2011, triggering a tsunami that
damaged the electrical network and the emergency diesel gener-
ators of the Fukushima Dai-ichi Nuclear Power Plant (FDNPP).
Failure in cooling down reactor units caused numerous explosions,
total damage of the FDNPP, and subsequent massive releases of
radioactive substances into the atmosphere and to the Pacific
Ocean. It was estimated that 153e160 PBq of 131I, 5.71 GBq of 129I,
13e15 PBq of 137Cs (and 134Cs), 1.0e2.4 TBq of 239,240Pu, 1.1e2.6 TBq
of 241Pu, and 2.9e6.9 TBq of 238Pu were emitted into the atmo-
sphere, with less than 20% deposited over the landscape of Japan
(Chino et al., 2011; Hou et al., 2013; Kato et al., 2012; Xu, S. et al.,
2013; Zheng et al., 2013). This resulted in the Japanese Govern-
ment classifying the FDNPP accident on the International Nuclear
and Radiological Event Scale at the maximum level of 7, similar to
the Chernobyl accident that occurred in 1986 in the Ukraine
(Povinec et al., 2013).

Radioiodine 131I and 129I have half-lives of 8 d and 1.57 � 107 y,
respectively, and they can enter the human body via food and
drinking water and then selectively accumulate in the thyroid
gland, resulting in a high radiation risk. Therefore, assessment of
radioiodine behavior is of utmost importance to the dose recon-
struction for people around the plant, especially for children.
Speciation and concentration of iodine are essential to determine
its mobility (Kaplan et al., 2010, 2014a; Schwehr et al., 2009;
Shimamoto et al., 2011; Xu et al., 2011a, 2011b; Zhang et al., 2011;
Zhang et al., 2013). Extensive iodine geochemistry studies have
been conducted elsewhere in Japan, related to groundwater (Kozai
et al., 2013), soil/sediment (Kodama et al., 2006; Shimamoto and
Takahashi, 2008b; Takeda et al., 2015; Yamada et al., 1999;
Yamaguchi et al., 2010), or in the soil/sediment-water system
(Shimamoto and Takahashi, 2008a; Shimamoto et al., 2011; Takata
et al., 2013; Takeda et al., 2015). Near the FDNPP area, iodine
speciation studies have been conducted in seawater and atmo-
spheric aerosols (Hou et al., 2013; Xu, S. et al., 2015); however,
iodine speciation studies have not been conducted in the Fukush-
ima Prefecture terrestrial environment. Also lacking, are detailed
studies relating relevant soil properties in this region to iodine
speciation.

As some mixed uranium (U) and plutonium (Pu) oxide (MOX)
fuel was used in one of the reactors (Unit 3) that experienced
hydrogen explosions, there was considerable public concern that
one of the most hazardous elements, Pu, may have been released
into the environment (Yamamoto et al., 2014, 2012). Within a few
days after the reactor hydrogen explosions, Pu was transported in
the atmosphere as far as 120 km distance by aerosol and wind
(Shinonaga et al., 2014). Plutonium isotopes present a large risk for
internal radiation exposure via ingestion of contaminated crops or
by inhalation (Zheng et al., 2012). Yamamoto et al. (2012) detected
trace amounts of Pu originating from the accident, mainly in sur-
face soil samples (0e5 cm) collected in Iitate Village outside the 20-
km exclusion zone, and in a few limited soil samples from Okuma
Town, 2e5 km from the FDNPP. Zheng et al. (2012) reported the
isotopic evidence for the release of Pu into the atmosphere and
subsequent deposition on the ground 20e30 km northwest and
south of the FDNPP. The Puwasmainly confined to the litter layer or
soil surface. Interestingly, it was suggested that Pu content and
isotope ratios differ considerably even for very close sampling lo-
cations, largely related to the soil vegetation (Schneider et al.,
2013). As Fukushima-derived 234,240Pu was strongly diluted and
the isotopic signatures were altered by the pre-Fukushima global
fallout, it is difficult yet very important to resolve factors that
control the long-term migration of Pu in the Fukushima Prefecture.
Cesium-134 and cesium-137, with half-lives of 2.06 and 30.1 y,
respectively, have caused the largest public concerns, because they
constitute the majority of the external and internal radiation doses
from the FDNPP accident. It is expected that they will have a
deleterious effect on agriculture and livestock farming, and thus,
human life, for decades to come (Kitamura et al., 2014; Yasunari
et al., 2011). Numerous field measurement and modelling studies
have quantified depth distributions and vertical migration of
Fukushima-derived radiocesium (Kato et al., 2012; Kitamura et al.,
2014; Matsuda et al., 2015; Niimura et al., 2015). However, different
land uses significantly affect the distribution and migration of ra-
dioisotopes (Kitamura et al., 2014), yet has not been studied at the
Fukushima Prefecture. Moreover, Schneider et al. (2013) suggested
that Pu releases and fallout from the FDNPP were very different
from those of Cs, which is in contrast to co-existing patterns of Cs
and Pu in the environment of the Savannah River Site (SRS) in South
Carolina, U.S (Savannah River Nuclear Solutions, 2013). They
contend that Pu was released in a single event, primarily in the
form of particulate Pu, which lead to non-uniform Pu contamina-
tion. This was very different from the volatile radionuclides, radi-
ocesium and radioiodine, which were released from the pressure
vessels over several days in the course of the early venting opera-
tions. Even where there is Pu released, its associated particle size is
also very different from that of Cs-associated particles (Niimura
et al., 2015; Shinonaga et al., 2014; Xu, S. et al., 2015; Zheng et al.,
2013).

The Japanese Government still plans to include nuclear power as
a core energy source and expects that it will provide up to 22% of
the country's electricity supply by 2030. In addition, the country
faces the enormous challenge of remediating residual radioactivity
at the FDNPP site and devising and implementing sounder defen-
sive plans for those reactors that are located in earthquake faults
and volcano regions. It is thus necessary to understand the factors
that affect iodine and plutonium speciation and effectively predict
their long-term transport and fate in the environment. For this
purpose, four types of soils were selected within a 75- km radius
(urban, paddy, deciduous forest, and coniferous forest), northwest
of the FDNPP (Fig. 1), and analyzed for stable iodine concentrations,
speciation and total 239,240Pu activity concentration and isotopic
ratios (240Pu/239Pu). River water (from forest sub-catchment) and
rainwater samples were also collected and analyzed for iodine
concentrations and speciation. Iodine-129was notmeasured due to
limitation of our instrumental technique. However, by studying the
biogeochemical characteristics and controls of 127I, one can predict
the fate and behavior of sporadic post-accident 129I in the long term
(Hou et al., 2001; Hu et al., 2007, 2005; Kaplan et al., 2011; Kaplan
et al., 2014b; Zhang et al., 2014; Zhang et al., 2013). A number of
ancillary chemical parameters were measured, including pH,
oxidation-reduction potential, dissolved organic carbon (DOC). The
objective is to provide insight into the soil and aqueous geochem-
ical conditions acting on iodine and Pu that could influence their
distribution and mobility in the environment. Cesium-134 and
cesium-137 activities in these samples were also determined, and
their biogeochemical behavior was then compared with that of
iodine and Pu.

2. Materials and methods

2.1. Study sites, field sampling and chemical properties analysis

Our study sites are located in eastern part of Fukushima City and
Oguni forest, in the northwestern region of the Fukushima Pre-
fecture (Fig. 1). They are located between 53 and 63 km from the
FDNPP within a 75- km radius area. Seven surface soil samples
(<4 cm)were randomly collected from the urban area of Fukushima



Fig. 1. Location of the study site. (#1 to #7 are urban soil sampling sites; W-0, W-2, W-4, W-5-1, W-5-2, and W-6 are river water sampling sites of Oguni River; the irregular blue
lines represent the radiation dose rate contour at 1 mSv/h of the Fukushima Dai-ichi NPP accident at 1 mSv/h) (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article).
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City, including a sidewalk west of Fukushima station, a residential
area, an industrial area, two roadside locations, and two public
parks, on March 20, 2012. Soil profiles from a paddy field, a de-
ciduous forest (Quercus serrata, Zelkova serrata, Carpinus tschonoskii,
Acer pictum), and a coniferous forest (Cryptomeria japonica) were
collected using a DIK-110C liner sampler (Daiki Rika Kogyo Co., Ltd.,
Japan) with a PVC sample tube, on March 13, 2013. These sites are
located 4e5 km southeast of the center of Fukushima City. The
coniferous site is only ~24 m southwest of the deciduous site. Both
sites are in the same valley, with the deciduous site on a southeast
facing slope and the coniferous site on a southwest facing slope.
During the period of the FDNPP accident (March 2011) and the
sampling dates (March 2012 and March 2013), there were no many
leaves on the deciduous trees to scavenge atmospheric deposition.
Conversely, the conifers have leaves year round. During March, rice
paddies do not have standing water. Instead, there is only plant
stubble in open dry fields. In order to provide sufficient samples
(~10 g for each) for 240Pu/239Pu isotopic ratio determination, extra
samples were collected the following year (March, 2014), at the
deciduous forest and coniferous forest sites.

Surface water was sampled at different points along the flow
path from a tributary of the Oguni River, on March 21, 2014.
Additionally, three types of rainfall samples were collected: bulk
deposition, stemflow, and throughfall. The bulk deposition sample
was collected from an open space area, the stemflow was water
that trickled down the stem and the throughfall was water that first
came in contact with the tree canopy. These samples were collected
from multiple randomly-selected trees in the deciduous and
coniferous forests, respectively. More specifically, throughfall
samples were collected using a funnel-shaped throughfall trap with
a 0.2-m diameter opening. Stemflow samples were collected with a
stemflow-trap made by attaching a 22.5-mm diameter by 1.5-m
long plastic tubing around the circumference of the tree at breast
height. Stemflow water entered the plastic tubing through a series
of small holes, and thenwas directed through a second tubing into a
collection bottle. Upon collection all water samples were filtered
immediately through a 0.7-mm pre-combustered GF/F glass fiber
filters (Whatman, Littlechalfont, UK) and kept frozen. The
maximum amount of water sample collected in each sample was
4 L(Endo et al., 2015). All soil and water samples were stored on ice
and shipped overnight to Texas A&M University at Galveston
(TAMUG) for analysis. Routine environmental water analyses were
conducted using standard methods; pH and oxidation-reduction
potential (ORP) were measured using an OAKTON 510 pH/mV/�C
meter and DOC with a Shimadzu TOC-L analyzer.

Soil samples were oven-dried at 60 �C, homogenized and the <
2-mm sieved fraction was used for subsequent analysis. Both ORP
and pH were measured on 1:1 solid: water (18.2 MU) slurries. Total
carbon and nitrogen contents were measured using a Perkin Elmer
CHNS/O 2400 analyzer and organic carbon (OC) content was
determined after a direct acidification step (Ryba and Burgess,
2002). Inorganic carbon was then calculated as the difference be-
tween total carbon and organic carbon contents.

Gamma-ray emissions of 134Cs and 137Cs at energies of 604 keV
and 662 keV, respectively, were determined by a high purity
germanium coaxial gamma ray detector (GCW3024, Canberra
Eurisys, Meriden, U.S.A.), coupled to a multichannel analyzer (DSA
1000, Canberra Eurisys, Meriden, U.S.A.). The measurement system
was calibrated with standard 134Cs (Cat. #: 7134) and 137Cs (Cat. #:
7137) sources purchased from Eckert & Ziegler Isotope Products
Inc. (CA, U.S.A.). Both 134Cs and 137Cs activities were decay-
corrected to March 11, 2011.
2.2. Determination of iodine speciation

Determination of aqueous I� and IO3
� followed the procedure in

Zhang et al. (2010). This method has a detection limit of 0.04 mg/L
127I� and 0.14 mg/L 127IO�

3 . Aliquots of each sample were analyzed to
determine I�, total inorganic iodine (I� and IO�

3 ), and total iodine
(I�, IO�

3 , and organo-I), respectively. For the I� analysis, I� was
oxidized by 2-iodosobenzoate to I2, and then N,N-dimethylaniline
was added to bind the I2 to form 4-iodo-dimethylaniline. The
resulting derivative was extracted with cyclohexane and measured
using a Finnigan Trace GC coupled with Polaris Q EI-MS from
Thermo Scientific. Using a second subsample, total inorganic iodine
was measured by reducing IO�

3 to I� by the addition of sodium
meta-bisulfite. The solution I� was measured using the same
derivatization method described above. Concentration of IO�

3 was
calculated as the concentration difference between the total inor-
ganic iodine and I�. In the third subsample, total iodine
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concentrations were determined directly using an inductively
coupled plasma mass spectrometer (ICP-MS) Thermo X series II,
equipped with an Xt cone and SC4 DX autosampler with PC3 spray
chamber kit. Organo-I concentration was calculated based on the
concentration difference between the total iodine and the total
inorganic iodine. The detection limit of this method was deter-
mined as 0.35 mg/L organo-127I.

Total iodine (TI) content in the soil was measured by catalyti-
cally combusting and converting all the iodine in the soil into
inorganic iodine species (Zhang et al., 2010), the total concentra-
tions of which were then detected by the GCeMS derivatization
method or ICPeMS method described above. Measurement accu-
racy was certified by determination of total iodine in a NIST Stan-
dard Reference Material (SRM® 2709) San Joaquin Soil (TI reported
as 5 mg/g), and the difference between the experimental and re-
ported values was well within 3%.

2.3. Determination of total 239,240Pu and 240Pu/239Pu isotopic ratios

A 0.5-g (for a spectrometry) or 10-g (for ICP-MS) soil or litter
sample was ashed in a ceramic crucible at 600 �C for >16 h. Then
242Pu was added as a yield tracer to the sample and the sample was
acid-digested according to Xu, C. et al. (2015). Plutonium isotopes
were separated from other radionuclides (e.g., 238U and 241Am)
with UTEVA column (Cat. #: UT-C50-A, Eichrom, USA) (Lee et al.,
2011; Morgenstern et al., 2002). The column eluent was then
used in conducting a spectrometry for total 239,240Pu activity ana-
lyses, and ICP-MS for 240Pu and 239Pu analyses (Xu, C. et al., 2015).

Because 239Pu and 240Pu cannot be resolved by a spectrometry,
their activity was reported as combined 239,240Pu activity. The ac-
tivity of the blank, which was run throughout the whole procedure,
was subtracted from each experimental sample. Plutonium-
239,240 activity was calculated based on the known activity of
242Pu added as the yield tracer and the peak area ratio of 239,240Pu
over 242Pu. The detection limits for 239,240Pu and 242Pu, as deter-
mined by analyzing seven samples with known concentrations
approximating the expected limit of detection and calculating the
product of t value (3.14 for a 99% confidence interval) and the
standard deviation, are 1.2 � 10�4 Bq/g and 5.0 � 10�4 Bq/g,
respectively.

Isotopic ratios of 240Pu/239Pu of selected samples were
measured using an ICP-MS (Xseries II, Thermo Scientific, USA)
equipped with a PC3 sample inlet system. For this purpose, Pu
eluent after column separationwas evaporated to incipient dryness
and re-constituted with 2 mL 2% HNO3. The detection limits for
239Pu, 240Pu and 242Pu, as determined by analyzing seven samples
with known concentrations approximating the expected limit of
detection and calculating the product of t value (3.14 for a 99%
confidence interval) and the standard deviation, are 0.0025, 0.0015,
0.0016 pg/g, respectively.

3. Results and discussion

3.1. Environmental factors affecting iodine concentrations and
speciation in soil

Iodine distributions throughout the paddy and deciduous forest
soil profiles were fairly uniform, whereas the coniferous forest soil
profile showed a marked increase below 10 cm (Fig. 2a). Two of the
main sources of terrestrial 127I are mineral dissolution and depo-
sition of seawater aerosols transported in the atmosphere (ATSDR,
2004). Because these locations are inland, the 127I depth profile of
diminishing concentrations with depth, characteristic of seawater
aerosol deposition as the main 127I source, was not observed. The
127I concentration profile from the coniferous forest suggests that a
subsurface strata may be elevated in 127I. The pH of paddy and
deciduous forest soils increased with depth to 15e20 cm below the
surface, whereas the pH of the coniferous forest soil displayed a
subsurface maximum layer at ~7.5 cm (Fig. 2b). Eh values of de-
ciduous forest soils decreased with depth, while those of coniferous
forest soil decreased first and then increased (Fig. 2c). Eh values of
paddy soil showed a similar decreasing trend in the upward 11 cm
as those of deciduous forest soil, yet lack of data below 15 cmmakes
it hard to determine the downward trend. It is common to see an
inverse relationship between soil iodine and pH due to lower pH
levels increasing the anion exchange capacity of many pH-
dependent charge soils, such as common in much of Japan
(Wada,1985), and a desorption of soil iodine into solutionwhen soil
Eh falls below around 150 mV (Ashworth, 2009). However, neither
pH nor Eh values were simply related to iodine concentrations in
the soil depth profiles examined here, suggesting that complex,
interactive factors or unknown processes control iodine concen-
trations vertically in these soils. In addition, different land uses and
anthropogenic disturbances will also affect the iodine depth dis-
tribution. For example, the plowing activity in the paddy soil leads
to a homogeneous depth profile for OC and I, yet Eh and pH values
did show significant concentration trends with depth (Fig. 2b and
c), suggesting both properties form vertical gradients within the
soil column following plowing more quickly than OC and I.
Noticeably, from the horizontal perspective, iodine concentrations
of the seven urban surface soil samples (<4 cm) were negatively
correlated with pH values (p ¼ 0.01) (Fig. 2d), and significantly
positively correlated with Eh values (p ¼ 0.0055) (Fig. 2e).

Content of OC (%, wt) decreased in the coniferous forest soil from
12.5% to 1.77% over the depth profile of 1.5 cme16 cm below the
surface (Fig. 2f). In contrast, there was a less dramatic decrease in
OC concentration with depth in the deciduous forest, and OC con-
centrations did not change significantly with depth in the paddy
soil (Fig. 2f). In addition, the depth profile of iodine did not correlate
with that of OC contents (Fig. 2f vs. 2a). This is in contrast to what
was found inwetland soils (Kaplan et al., 2014b) and a Japanese hot
spring soil (Shimamoto et al., 2011), in which iodine concentrations
correlate well with those of OC in individual soil profiles. However,
it could have been due to limited sample size within each type of
land use (i.e., only one soil profile was collected for each land use).
Nevertheless, if one takes the values of all surface soils (<4 cm,
urban, paddy, deciduous and coniferous), iodine concentrations
were correlated with OC contents (R ¼ 0.61, p < 0.05) (Fig. 2g).
Therefore, it is likely that soil organic matter (SOM) is the univer-
sally dominant environmental factor in affecting iodine retention
by soil in this area, whereas the effects of pH or Eh are more
restricted in soils of the same type or land use (e.g., urban soil).

Comparing the surface (<4 cm) total soil iodine concentrations
(Table 1), the four types of soil ranked in the order of coniferous
(10.4 mg/g) > deciduous (4.89 mg/g) > urban soil (2.06 ± 0.70 mg/
g) > paddy soil (1.74 mg/g). Noticeably, total iodine concentrations
in each individual depth section of the coniferous forest soil column
were 1.3e5.3 times higher, respectively, than those of the decidu-
ous forest soil column (Table 1). This seems to be partially explained
by an elevated OC content (1.5e3.3 times) in the coniferous forest
soil with respect to the deciduous forest soil. However, the I:C ra-
tios, which ranged from 9.4 to 124 � 10�6, with a mean value of
49� 10�6 for deciduous forest soils and from 7.9 to 142� 10�6 with
a mean value of 58.4 � 10�6 for coniferous forest soils, were not
constant throughout the soil column (Fig. 2h). It is thus possible
that total I levels in different types of forest soil may not only
depend on OC content but also on the SOM composition and the
degree to which SOM can be iodinated. Indeed, Montelius et al.
(2015) reported that coniferous forest soil scavenges another
halogen from atmospheric depositions, chlorine, to a greater extent
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than deciduous forest soil. Actually, mole ratios of I: C exponentially
increase with depth in both forest soil profiles (Fig. 2h). Similar
trends were also found by Shetaya et al. (2012). Soil organic matter
at deeper depths are commonly more refractory to turnover and
thus could have more time to fix iodine. Alternatively, this re-
fractory form of SOM could be more efficient at iodine scavenging.
Thus, although SOM is likely the primary environmental factor of
iodine geochemical behavior, bulk SOM measurements do not
adequately describe the soil iodine fixation capacity of these Jap-
anese soils. Specific functional groups of SOM were previously
found to be directly or indirectly involved in iodine transformation
and binding (conversion of I� or IO�

3 to organo-iodine) (Xu, C. et al.,
2013; Xu et al., 2012). Thus, characterization of SOM components
that are responsible for iodine transformation and binding in these
Japanese soil samples is warranted.

By investigating 20 Chinese soils covering a wide variety of soil
types, Dai et al. (2009) discovered that SOM had a significant
positive effect on I� sorption, but a negative effect on IO3

- sorption.
In contrast, others have found that SOM is the determinant factor
that positively influences iodine retention in soil, regardless of the
initial iodine speciation (I� or IO�

3 ) (Schwehr et al., 2009; Xu, C.
et al., 2013; Xu et al., 2011a, 2011b, 2012; Yamaguchi et al., 2010;
Zhang et al., 2011). The discrepancy might result from different
experimental durations of the various studies. According to Shetaya
et al. (2012), IO�

3 uptake by soil was initially preceded by an
instantaneous sorption reaction, which is positively controlled by
Fe/Mn oxide content, but negatively related to pH and SOM con-
tent. Then it was followed by a slow time-dependent process which
was positively controlled by SOM contents. Uptake of I� by soil
followed a fast overall reaction suggesting the two processes might
not be distinctly separated. The slow process can occur over hours
to days, while the fast one overminutes to hours. As amatter of fact,
by investigating nine various soil samples, Shetaya et al. (2012)
observed that given enough reaction time, both I� and IO3

- were
ultimately incorporated into SOM. Therefore iodine uptake by soil is
speciation-driven, as well as contact time-dependent. Wet depo-
sition is one of the main sources of iodine to the surface soil
(Shetaya et al., 2012). Rainfall infiltrating the soil and draining out
of it can range from hours to days, depending on soil texture and
SOM contents. Besides soil properties, iodine speciation in the
rainfall is another vital factor that affects retention of iodine in the
surface soil.
3.2. Factors affecting iodine concentration and speciation in
rainwater and surface water

A representativewet deposition event collected during the same
season that the other samples were collected had organo-iodine as
the dominant species (71.5% of total iodine), followed by I� (20.9%)
and IO3

- (7.62%) (Table 2). This agrees with the findings of Gilfedder
et al. (2007) that the majority of iodine in rain and snow collected
worldwide was associated with organic matter (average 56%) fol-
lowed by I� (average 27%). However, there are other studies in
which IO3

- was shown to be the dominant species in the bulk pre-
cipitation. It is likely due to the facts that their samples were
collected over the sea (Baker et al., 2001; Campos et al., 1996) or in
areas in very close vicinity of the ocean (Hou et al., 2009; Truesdale
and Jones, 1996), whereas our sampling sites are relatively more
inland (>75 km away from the shore), thus less affected by marine
Fig. 2. a) Depth profile of 127I concentration (mg/g), b) depth profile of pH, c) depth profile of
pH values and total soil 127I (mg/g) of seven urban surface soil (<4 cm), e) correlation betw
organic carbon (OC, % wt) contents of paddy soil, deciduous forest soil and coniferous forest
urban soil, one paddy soil, one deciduous forest soil, and one coniferous forest soil, h) dep
atmosphere. Nevertheless, once the precipitation entered the soil,
I� was more quickly converted into organo-iodine than IO3

-

(Shetaya et al., 2012). Throughfall and stemflow of both forests
exclusively contained organo-iodine (Table 2). Organo-iodine
compounds, of both “autochthonous” (derived from the interac-
tion of I�, IO3

- and SOM) and “allochthonous” (derived from direct
deposition) sources, were thenmore retained than inorganic iodine
species (Hu et al., 2005; Zhang et al., 2011), during drainage or
surface run-off events.

This study, for the first time, provides iodine speciation data on
the throughfall and stemflow of both deciduous and coniferous
plantation. There was a slight increase in iodine concentration in
the deciduous throughfall (2.65 mg/L) and almost a three-fold in-
crease in coniferous throughfall (6.41 mg/L), compared to the bulk
deposition (2.28 mg/L). Iodine being less concentrated in deciduous
throughfall than in coniferous throughfall is due to the winter
samplings (March, 2014) occurring when the deciduous forest
canopy was thin (section 2.1), while the coniferous canopy was still
frondent. This is supported by 137Cs data (Table 2), as FDNPP-
derived 137Cs was more captured in the coniferous canopy, thus
showing a much lower 137Cs activity concentration (283 Bq/L) in
the coniferous throughfall, whereas 137Cs concentration in decid-
uous throughfall (1.24 � 103 Bq/L) is close to that in the bulk
deposition (1.69 � 103 Bq/L). Iodine concentrations increased by a
factor of 5.1 and 2.8 in the stemflow of deciduous (11.7 mg/L) and
coniferous (6.34 mg/L) trees, respectively, compared to that in the
bulk deposition. The observation that iodine concentrations in
throughfall and stemflow of both types of forests are generally
higher than those in the bulk deposition, partly contributed to the
evaporative concentration process by these plants (through loss of
water in the rainfall), and their scavenging fine mists which are
enriched in iodine yet might not be collected by the open rainfall
collector (Neal et al., 1990). Most importantly, inorganic iodine,
present in the bulk deposition (28.6% of total iodine) was
completely converted to organo-iodine after the rainwater con-
tacted the leaves or stems of the trees, indicative of fast trans-
forming iodine speciation by organic matter present in the
throughfall and stemflow solution. Concomitantly, their OC con-
tents dramatically increased compared to that of bulk deposition,
by a factor of 1.4 and 10.4 for deciduous throughfall and stemflow,
and a factor of 7.0 and 6.6 for coniferous throughfall and stemflow,
respectively (Table 2). Such increases in dissolved organic carbon
(DOC) concentrations of forest throughfall and stemflow relatively
to the bulk deposition were previously reported (Bergkvist and
Folkeson, 1992; Ciglasch et al., 2004; Guo et al., 2005; Michalzik
et al., 2001; Qualls et al., 1991), possibly caused by dissolution of
soluble organic material deposited on the surface of the plants,
soluble animal or microbially-derived organic material in the can-
opy, or leaching of leaves, needles or stems. Not only did the
quantity of rainwater DOC change after it intercepted with the
canopy, but the chemical properties and compositions of the
organic matter were also altered, driven by various abiotic and
biotic processes. For example, the aromaticity and humification
indices of both deciduous and coniferous throughfall and stemflow
increased significantly compared to the bulk deposition, suggesting
that organicmatter in the forest throughfall and stemflow solutions
contains more aromatics and refractory condensed aromatics
(Bischoff et al., 2015; Lv et al., 2014). Aromatics likely then scav-
enged iodine through electrophilic substitution via abiotic and
Eh of paddy soil, deciduous forest soil and coniferous forest soil, d) correlation between
een Eh and total soil 127I (mg/g) of seven urban surface soil (<4 cm), f) depth profile of
soil, g) correlation between OC (%, wt) and total soil 127I (mg/g) for all surface soil (seven
th profile of I:C mole ratio.



Table 1
Soil chemical information.

Sampling date
(day/month/year)

Land
Category

Site
Code

Depth
(cm)

127I (mg/g) 239,240

Pu (Bq/kg)

240Pu/239Pu Organic
carbon
(%, wt)

Inorganic
carbon
(%, wt)

Nitrogen
(%, wt)

pH Eh
(mV)

137Cs
(Bq/kg)

134Cs
(Bq/kg)

134Cs/137Cs

3/20/2012 Urban #1 <4 cm 0.81 0.22 ± 0.01 n.a. 2.89 ± 0.61 0.71 ± 0.01 0.09 ± 0.02 6.03 199 1.36 � 105 1.34 � 105 0.99
Urban #2 <4 cm 3.03 0.21 ± 0.03 n.a. 3.25 ± 0.02 n.d. 0.27 ± 0.02 4.90 281 2.59 � 104 2.70 � 104 1.04
Urban #3 <4 cm 2.28 0.06 ± 0.00 n.a. 4.40 ± 0.51 0.49 ± 0.04 0.43 ± 0.01 4.97 287 4.18 � 104 4.81 � 104 1.15
Urban #4 <4 cm 2.46 n.d. n.a. 12.6 ± 2.6 0.42 ± 0.01 0.81 ± 0.30 4.30 315 2.74 � 105 2.68 � 105 0.98
Urban #5 <4 cm 2.28 0.03 ± 0.00 n.a. 8.88 ± 1.58 n.d. 0.53 ± 0.08 4.80 285 3.46 � 105 3.28 � 105 0.95
Urban #6 <4 cm 1.95 0.1 ± 0.01 n.a. 4.69 ± 0.22 n.d. 0.29 ± 0.01 5.46 252 6.97 � 104 6.97 � 104 1.00
Urban #7 <4 cm 1.61 0.12 ± 0.01 n.a. 4.36 ± 1.59 n.d. 0.26 ± 0.01 5.52 244 4.52 � 104 1.36 � 105 0.99

3/13/2013 Paddy 0e3 1.74 0.19 ± 0.05 n.a. 1.50 ± 0.30 0.33 ± 0.01 0.17 ± 0.01 4.63 309 3.51 � 103 3.34 � 103 0.95
3e6 1.87 0.13 ± 0.04 n.a. 1.63 ± 0.18 n.d. 0.13 ± 0.02 4.78 300 2.84 � 103 2.59 � 103 0.91
6e9 3.59 0.17 ± 0.05 n.a. 1.64 ± 0.29 n.d. 0.14 ± 0.01 4.72 290 3.14 � 103 2.96 � 103 0.94
9e12 1.67 0.19 ± 0.06 n.a. 1.38 ± 0.02 0.19 ± 0.05 0.14 ± 0.01 4.77 291 2.38 � 103 2.17 � 103 0.91
12e15 2.48 0.11 ± 0.01 n.a. 1.10 ± 0.08 0.08 ± 0.01 0.10 ± 0.00 5.28 250 125 108 0.86

Deciduous
forest

litter 4.84 1.31 ± 0.25 0.34 ± 0.02 n.a. n.a. n.a. n.a. n.a. 2.32 � 104 2.21 � 104 0.95
0e4 4.89 1.11 ± 0.01 0.18 ± 0.01 4.90 ± 0.41 0.08 ± 0.02 0.31 ± 0.01 5.30 259 7.21 � 103 8.26 � 103 1.15
4e8 4.61 0.61 ± 0.29 n.a. 1.64 ± 0.50 0.34 ± 0.01 0.15 ± 0.03 5.16 267 630 619 0.98
8e12 8.94 0.69 ± 0.00 n.a. 1.58 ± 0.05 0.12 ± 0.02 0.13 ± 0.00 5.33 256 426 441 1.04
12e16 6.46 0.24 ± 0.06 n.a. 1.48 ± 0.17 0.11 ± 0.01 0.14 ± 0.01 5.56 249 238 206 0.87
16e20 4.88 0.22 ± 0.10 n.a. 1.16 ± 006 n.d. 0.09 ± 0.02 5.86 230 62 45 0.72
20e22 8.42 0.11 ± 0.04 n.a. 0.64 ± 0.06 n.d. 0.05 ± 0.01 5.90 226 14 11 0.76

Coniferous
forest

litter n.a. 0.19 ± 0.09 n.a. n.a. n.a. n.a. n.a. n.a. 7.37 � 104 678 � 104 0.92
0e3 10.4 1.01 ± 0.00 0.16 ± 0.06 12.53 ± 0.93 2.17 ± 0.04 0.73 ± 0.04 5.17 268 8.91 � 103 8.63 � 103 0.97
3e6 10.5 1.26 ± 0.15 0.16 ± 0.06 5.44 ± 1.31 1.85 ± 0.33 0.44 ± 0.03 5.64 238 835 871 1.04
6e9 11.2 0.66 ± 0.05 n.a. 4.22 ± 0.47 n.d. 0.28 ± 0.00 5.71 233 198 156 0.79
9e12 12.9 0.19 ± 0.04 n.a. 2.32 ± 0.56 1.39 ± 0.34 0.27 ± 0.04 5.69 232 85 82 0.96
12e15 25.6 0.02 ± 0.03 n.a. 1.71 ± 0.31 0.40 ± 0.04 0.19 ± 0.01 5.57 238 37 27 0.72
15e17 1.77 ± 0.07 0.11 ± 0.07 0.19 ± 0.01 5.43 247 19 18 0.93

n.d., not detectable; n.a., not available (sample amount not enough for analysis). Error for 137Cs and 134Cs is within 3% and for 127I is <10%.137Cs and 134Cs are decay-corrected to
March 11, 2011. For 240Pu/239Pu determination, samples were collected on March 21, 2014, at the same locations of the two forests.

Table 2
Chemical properties and iodine speciation of wet deposition and Oguni River water.

Sample DOC
(mg/L)

pH Eh (mV) 137Cs (Bq/L) Iodine concentration (mg/L) Ratio to total iodine (%)

Total I- IO�
3 Organo-

iodine
I- IO�

3 Organo-
iodine

Wet deposition
Bulk deposition 6.18 5.34 567 1.69 � 103 2.28 0.48 0.17 1.63 20.9 7.62 71.5
Throughfall of

deciduous forest
8.54 5.34 549 1.24 � 103 2.65 n.d. n.d. 2.65 0.00 0.00 100

Throughfall of
coniferous forest

43.4 5.30 550 283 6.41 n.d. n.d. 6.41 0.00 0.00 100

Stemflow of
deciduous forest

64.5 3.18 693 179 11.7 n.d. n.d. 11.7 0.00 0.00 100

Stemflow of
coniferous forest

41.0 5.06 562 123 6.34 n.d. n.d. 6.34 0.00 0.00 100

Oguni River water
W-0 (head water) 1.14 7.02 576 8.12 � 103 0.53 0.16 0.03 0.34 31.0 5.02 64.0
W-2 (upstream) 1.19 6.25 618 828 0.90 0.19 0.17 0.54 20.8 19.2 60.0
W-4 (upstream) 1.28 6.25 613 443 1.03 0.11 0.35 0.57 10.9 33.8 55.3
W-5-1 (before

joining a tributary)
1.53 6.28 619 105 0.67 0.06 0.30 0.32 8.60 44.1 47.3

W-5-2 (after joining
a tributary)

1.53 6.26 618 7 0.71 0.04 0.00 0.71 6.02 0.00 94.0

W-6 (downstream) 1.47 6.26 621 3 1.50 0.20 0.41 0.89 13.5 27.3 59.2
Average

(river water only)
1.36 ± 0.17 6.39 ± 0.31 611 ± 17 (1.58 ± 3.22)

� 103
0.89 ± 0.35 0.13 ± 0.07 0.21 ± 0.17 0.56 ± 0.22 15.1 ± 9.26 21.6 ± 16.9 63.3 ± 16.1
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enzymatic pathways (Xu, C. et al., 2013; Xu et al., 2011b; Xu et al.,
2012). Therefore, the presence of high NOM on the plant surfaces
and their unique chemical properties (e.g., aromatics) might be
another reason to explain the elevated 127I concentrations in the
forest throughfall and stemflow. Additional long-term iodine
speciation analysis of the rainfall and obtaining detailed informa-
tion on the related plant organic matter in the forest throughfall
and stemflow will be needed in future work.

Dissolved organic carbon (DOC) concentrations (1.14e1.53 mg/
L) in the Oguni River water, which receives discharge from the
adjacent forest sub-catchment (Fig. 1), was lower than the average
DOC concentration of typical world rivers (4.2e5.75 mg/L)
(Meybeck, 1982, 1988). The downstream tributary had slightly
higher DOC concentrations (W-5-1, W-5-2 and W-6) than the up-
stream (W-0, W-2, and W-4) (Table 2). Total 127I ranged from 0.53
to 1.5 mg/L, comprisedmostly of organo-iodine (63.3 ± 16.1% of total
I). Both DOC and total iodine concentrations measured in the river
and tributaries was much lower than that in the bulk deposition,
throughfall and stemflow, suggesting a possible dilution by the
discharge from the forest sub-catchment, in which organic matter
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and iodine might have been scavenged by the forest soil. Total
iodine concentrations of the six surface water and five wet depo-
sition samples shown in Table 2 were positively correlated with Eh
and OC values (p ¼ 0.0001), whereas they are negatively correlated
with pH values (Fig. 3). These results indicate that pH, Eh and OC
cooperatively affect the geochemical behavior of iodine in surface
water and wet deposition.

Cesium-137 activities in these samples were monitored to pro-
vide a comparison with the 127I measurements (Table 2). The 137Cs
originated primarily from the FDNPP accident, whereas the 127I had
natural origins. The 137Cs activity concentration decreased by about
27% and 83%, for deciduous and coniferous throughfall, and by
about 89% and 92%, for deciduous and coniferous stemflow,
respectively, compared to that of the bulk deposition. The consis-
tently decreasing trend of 137Cs activity concentration along the
rainwater passage (i.e., bulk deposition > throughfall > stemflow) is
in contrast to the behavior of the 127I, where concentrations
increased with precipitation passage through the canopy and along
the plant stems. Moreover, the headwater (W-0) of Oguni River
contains the highest 137Cs activity concentration and it consistently
decreased along the flowpath, suggesting a “point source” in the
upstream region (Table 2). It is noteworthy to point out that stable
iodine has not necessarily reached equilibriumwith FDNPP-derived
radioiodine (129I). Our observation that there is a significant dif-
ference in the distribution of 137Cs and 127I does not necessarily
reflect the same situation for 129I and 137Cs, both originating from
FDNPP accident. However, the fact that 137Cs activity concentration
has shown no correlation to DOC concentrations supports that the
two elements, Cs and I, apparently have very different biogeo-
chemical behavior in these two forest ecosystems, and NOM seems
to exert less important effects on the behavior of Cs than on iodine.

3.3. Factors affecting plutonium scavenging by soil

Plutonium-239,240 activity concentration in the four types of
surface soil (<4 cm) ranked in the order of deciduous forest
(>(1.11 ± 0.01) Bq/kg)> coniferous forest ((1.01 ± 0.00) Bq/
kg) > paddy ((0.19 ± 0.05) Bq/kg) > urban (0.12 ± 0.08) Bq/kg)
(Table 1). This is quite different from the distribution of 134Cs and
137Cs in the surface soils (0e3 cm): urban surface soil contains the
highest activity concentration of both Cs isotopes
(1.34 � 105 ± 1.26 � 105 Bq/kg), followed by coniferous
forest > deciduous forest > paddy. The 134Cs/137Cs ratio was
0.94 ± 0.11, which is in agreement with that released from FDNPP,
indicating that these cesium isotopes originated primarily from the
accident. Plutonium-239,240 concentration in the paddy soil col-
umn showed a relatively homogeneous distribution with depth
(Fig. 4a), similar to that of OC, total I, 134Cs, and 137Cs (Fig. 2a and f,
Table 1), most likely due to plowing activity of the top (<15 cm)
layer. Plutonium-239,240 concentration decreased with depth in
both types of forest soil (Fig. 4a), similar to the trends of 134Cs and
Fig. 3. Correlation relationships between total 127I (mg/L) and a) pH, b) Eh, c) or
137Cs. Release of 239,240Pu from the FDNPP accident and subsequent
deposition at the study sites was quite small, as 239,240Pu activities
of the surface soils ranged from 0.02 to 1.31 Bq/kg, which is well
within the background range (0.15e4.31 Bq/kg) observed in Japa-
nese soils before the accident (Zheng et al., 2013, 2012). Ratios of
240Pu/239Pu from selected soil samples are displayed in Table 1. The
240Pu/239Pu ratio determined for the litter layer (0.34 ± 0.02) was
significantly higher than those typically assigned to global fallout
(0.18 ± 0.01) (Zheng et al., 2013) but were closely aligned with the
Pu isotopic composition in the damaged cores (0.323e0.330)
(Zheng et al., 2012). There are several studies that report similar Pu
isotopic ratios in surface vegetation (0.38 ± 0.05) (Schneider et al.,
2013) and litter samples (0.30e0.33) (Zheng et al., 2012) collected
within the vicinity of the FDNPP. In contrast to the elevated
240Pu/239Pu ratios found in vegetative matter, 240Pu/239Pu in the top
surface soils of the coniferous and deciduous forests at our study
site were 0.16 ± 0.06 and 0.18 ± 0.01, respectively (Table 1), very
close to global fallout ratios. In all, these results indicate that most
of the 239,240Pu we measured in this study was not Fukushima-
derived and the input of Pu isotopes from the FDNPP accident
into soils at the study site was small in terms of total radioactivity,
likely causing no significant increase in the environmental 239,240Pu
inventory. However, it was sufficient to significantly alter the
240Pu/239Pu ratio in surface vegetation and the litter layer. An
estimated release of 0.002% of the overall Pu inventory
(14.14 � 1015 Bq in units 1 and 3, Nishihara et al. (2012)) was
calculated by Schwantes et al. (2012), and a lower release of
0.00002% was estimated by Zheng et al. (2013) (Zheng et al., 2013,
2012). The FDNPP-derived Pu signal reported by Zheng et al., 2012
was confined to the litter layer in samples collected in May 2011
(Zheng et al., 2012). Our results indicate that the Fukushima-
derived Pu signal still has not reached the underlying surface soil
as of the March 2014 sampling date. This is in contrast to the dis-
tributions of 137Cs and 134Cs, both of which havemigrated to at least
a depth of 15e22 cm below the soil surface (Table 1). This depth
distribution difference, together with the surface distribution dif-
ference (see above), suggests that Fukushima-derived Cs and Pu
might probably not follow the same deposition and migration
mechanisms and patterns. Thus, albeit the existing debate about
the released forms of Cs and Pu (Niimura et al., 2015), Cs may
eventually sorb to layer-type silicates by forming outer- or
inneresphere complexes (Bostick et al., 2002) in the soil environ-
ment, whereas Pu of Fukushima origin has thus far been shown to
be mostly associated with litter or plant organic matter. Our results
agree with those of Schneider et al. (2013) and confirm that 137Cs is
not an adequate environmental proxy for FDNPP released Pu.

The important role of organic matter in affecting 239,240Pu
behavior was further supported by a strong positive correlation
between its concentration and soil OC contents (R ¼ 0.72,
p < 0.001), as well as a correlation between its concentration and
soil nitrogen content (R ¼ 0.72, p < 0.001) (Fig. 4b, c). Similar
ganic carbon (OC) measured from surface and deposition waters (Table 2).



Fig. 4. a) Depth profile of 239,240Pu (Bq/kg) in paddy, deciduous and coniferous forest soil; correlations between 239,240Pu activity concentration (Bq/kg) and b) organic carbon (%,
wt); c) total soil nitrogen content (%, wt).
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correlation trends were also found in wetland soil samples
collected from Savannah River Site (SRS), which was contaminated
by Pu isotopes due to nuclear material production and disposal
activities (Xu, C. et al., 2015). With the help of multi-NMR tech-
niques and other methods, Xu et al. (2008) reports that mobile Pu,
at sub-pM concentrations, in the surface soil at Rocky Flats Envi-
ronmental Technology Site (RFETS), was complexed by hydrox-
amate siderophore functionalities (ReCOeNR0-OH) present in
colloidal macromolecules composed of cutin-derived soil degra-
dation products as the backbone cross-linked to hydrophilic moi-
eties (e.g., polysaccharides). Recent studies by the same author Xu,
C. et al. (2015); confirmed the presence of hydroxamate side-
rophores in the particulate fractions of wetland soils from SRS,
using electrospray ionization (ESI) combined with Fourier-
transform ion cyclotron resonance mass spectrometry (FTICRMS).
Though no further in-depth characterization of these Pu-associated
organic compounds in the Fukushima Prefecture area was pursued,
it is likely that hydroxamate siderophore complexing agents are
ubiquitous and present in the particulate fraction of soils and
sediments in natural environments. Hydroxamate siderophores,
present as individual low-molecular-weight compounds, have been
detected and are well-studied in dissolved and absorbed fractions
of soil aggregates (Ahmed and Holmstr€om, 2014; Ess�en et al., 2006;
Powell et al., 1980, 1983). However, only a few studies so far have
reported their presence as high-molecular-weight compounds
(>1000 Da) in the colloidal or particulate fractions of SOM (Xu, C.
et al., 2015; Xu et al., 2008). It is not clear how these hydrox-
amate siderophore moieties, initially produced by bacteria or fungi
as low-molecular-weight compounds, to solubilize Fe frommineral
phases thus to provide bioavailable Fe (III) for microbes and plants,
end up part of colloidal or particulate SOM. A possible explanation
is that HS functional groups are incorporated into high molecular
macromolecules through radical facilitated re-polymerization or
cyclization reactions, aided by enzymatically regulated superoxide
and hydroxyl radicals (Waggoner et al., 2015), a process suggested
for the “imbedding” or crosslinking of lignin in the hemicellulose
matrix (Wershaw, 1993).

4. Conclusions

127I, 239,240Pu, 134Cs, and 137Cs all show distinct distributions in
vertical profiles or surface soils with different land uses, e.g., urban,
paddy, deciduous and coniferous. Our results indicate that 137Cs is
not a dependable geochemical proxy for 239,240Pu, or radioiodine in
the long-term. 127I concentrations of all surficial soils, regardless of
land use type, as well as those of surface water and various rainfall
samples, were correlated with organic matter contents, suggesting
that natural organic matter is a critical factor affecting iodine
biogeochemical behavior. Further, throughfall and stemfall rain-
water was not only more enriched in total organic carbon and
iodine, but also exclusively consisted of organo-iodine, after it was
intercepted by the deciduous or coniferous forest leaves and stems.
While Eh and pH also correlated with iodine distribution, the cor-
relation likely only exists within the same type of land use (e.g.,
urban soil). Although stable iodine (127I) and radioactive iodine (131I
and 129I) have completely different sources in that the latter was
mostly from atmospheric deposition, resolving the soil properties
(Eh, pH and NOM, etc.), which affect stable iodine distribution and
might actually exert more controls on radioactive iodine, is
important for long-term prediction of the behavior and fate of
radioactive iodine.

Absolute 239,240Pu activities in the soil are generally still in the
global fallout range before the FDNPP accident. However, an
abnormally high 240Pu/239Pu ratio, indicative of FDNPP origin, was
found to be confined to litter layers on the soil surface three years
after the occurrence of the accident. Plutonium-239,240 activities
were significantly correlated to soil OC and nitrogen contents,
suggesting 239,240Pu was likely complexed to nitrogen-containing
SOM. Further characterization of the specific SOM moieties that
are responsible for immobilizing I and Pu, respectively, in Fukush-
ima Prefecture soils would provide fundamental insight serving as
a basis for post-accident remediation action plans and future
reactor placements.
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