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Processes of vertical and lateral migration lead to gradual reduction in contamination of catchment soil,
particularly its top layer. The reduction can be considered as natural attenuation. This, in turn, results in a
gradual decrease of radiocesium activity concentrations in the surface runoff and river water, in both
dissolved and particulate forms. The purpose of this research is to study the dynamics of Fukushima-
derived radiocesium in undisturbed soils and floodplain deposits exposed to erosion and sedimenta-
tion during floods. Combined observations of radiocesium vertical distribution in soil and sediment
deposition on artificial lawn-grass mats on the Niida River floodplain allowed us to estimate both annual
mean sediment accumulation rates and maximum sedimentation rates corresponding to an extreme
flood event during Tropical Storm Etau, 6-11 September 2015. Dose rates were reduced considerably for
floodplain sections with high sedimentation because the top soil layer with high radionuclide contam-
ination was eroded and/or buried under cleaner fresh sediments produced mostly due to bank erosion
and sediments movements. Rate constants of natural attenuation on the sites of the Takase River and
floodplain of Niida River was found to be in range 0.2—0.4 year. For the site in the lower reach of the
Niida River, collimated shield dose readings from soil surfaces slightly increased during the period of
observation from February to July 2016. Generally, due to more precipitation, steeper slopes, higher
temperatures and increased biological activities in soils, self-purification of radioactive contamination in
Fukushima associated with vertical and lateral radionuclide migration is faster than in Chernobyl. In
many cases, monitored natural attenuation along with appropriate restrictions seems to be optimal
option for water remediation in Fukushima contaminated areas.

© 2017 Published by Elsevier Ltd.

1. Introduction

an example of such “passive” remediation options relying on nat-
ural processes that reduce the flux of radionuclides towards any

Post-Chernobyl experience has shown that the remediation of
radioactively contaminated land should be focused on low cost, low
intensity “passive” or low maintenance solutions rather than
intrusive, and usually expensive, engineering techniques (IAEA,
2006a; Beresford et al., 2016). Monitored natural attenuation is

* Corresponding author. Institute of Environmental Radioactivity, Fukushima
University, Kanayagawa 1, Fukushima, Fukushima Prefecture, 960-1296 Japan.
E-mail address: 1701@ipc.fukushima-u.ac.jp (A. Konoplev).

http://dx.doi.org/10.1016/j.jenvrad.2017.06.019
0265-931X/© 2017 Published by Elsevier Ltd.

given receptor (IAEA, 2006b). Processes of natural attenuation do
not reduce the total amount of radionuclides in the environment,
rather they affect radionuclide distribution over space and time.
Physical processes involved in natural attenuation (advection,
diffusion, dispersion) may dilute radionuclides in the environment
or partially remove/relocate and spread them (wash-off, erosion
and sedimentation) (WMO-754, 1992).

On the one hand, contaminated catchments after Fukushima
Dai-ichi Nuclear Power Plant (FDNPP) become a long-term source
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of secondary contamination of surface waters (rivers and lakes) due
to radionuclide wash-off by surface runoff, both in dissolved and
particulate state. Vertical migration of radionuclide in soil leads to
contamination of deeper soil layers and penetration of radionu-
clides to groundwater. On the other hand, processes of vertical and
lateral migration lead to gradual reduction in contamination of
catchment soil, particularly its top layer (Konoplev et al., 1992;
Ivanov et al., 1997; Mishra et al., 2016; Konoplev et al., 2016a).
This, in turn, results in a gradual decrease of radionuclide concen-
trations in the both dissolved and particulate forms of surface
runoff and river water (IAEA, 2006¢; Bulgakov et al., 2002).

Climate and geographical conditions may essentially influence
the rate of natural attenuation processes. In contrast to Chernobyl,
Fukushima's watersheds are hilly with steep slopes. Annual pre-
cipitation also differs substantially, with annual averages of about
1500 mm/year for Fukushima according to the Japan Meteorolog-
ical Agency and about 600 mmy/year at Chernobyl (Konoplev et al.,
2016a).

The fate and transport of accidentally released radiocesium is
governed by the ratio of its chemical forms in fallout and site-
specific environmental characteristics determining the rates of
leaching, fixation-remobilization, as well as sorption-desorption of
the mobile fraction (its solid-liquid distribution) (Konoplev et al.,
1992; Beresford et al., 2016). Radiocesium in the environment is
strongly bound to soil and sediment particles containing micaceous
clay minerals (illite, vermiculite etc.). This is due to two basic pro-
cesses: high selective reversible sorption and fixation (Konoplev
and Konopleva, 1999). The proportion of clays is relatively high
and reaches up to 30% in Fukushima soils, which is essentially
higher than in soils of the Chernobyl zone. There still seems to be no
clear understanding of radiocesium speciation in the Fukushima
fallout. Adachi et al., 2013 and Abe et al., 2015 have revealed water
insoluble spherical glassy aerosol particles greater than 2 um in
diameter, as far as 170 km from the FDNPP, containing, apart from
radiocesium, uranium and other elements representative of fuel
and reactor materials. Particles of similar properties have also been
identified by Niimura et al. (2015) using autoradiography of soils,
plants and mushrooms.

After deposition of radionuclides on the ground surface, over
time the contamination migrates down through the soil profile. The
dynamic pattern of vertical distribution of radionuclides in soil is
critical from the standpoint of external dose rate, availability of
radionuclides for transfer to surface runoff and wind resuspension
in the boundary atmospheric layer, availability of radionuclides for
root uptake by plants and percolation to groundwater. Radionu-
clides migrate vertically in solution and as colloids with infiltration
water flow, or attached to fine soil particles (Bulgakov et al., 1991;
Konoplev et al., 1992; Bossew and Kirchner, 2004; Mishra et al.,
2016). Transport of radiocesium in solution by infiltration is
slower than the water flow because of sorption-desorption and
fixation on soil particles. Fine soil particles containing radiocesium
can move by penetrating through pores, cracks and cavities, as well
as with infiltration flow (lessivage), and as a result of vital activity of
plants and biota (bioturbation) (Bulgakov et al., 1991; Konoplev
et al, 2016b). Nevertheless, the vertical migration of radionu-
clides in soils unaffected by erosion-accumulation processes can be
described by the convection-dispersion equation using the effec-
tive values of dispersion coefficient and convective velocity
(Konoplev and Golubenkov, 1991; Konshin, 1992).

It is even more challenging to describe radiocesium vertical
distribution in soil for the sites with obvious accumulation or loss of
soil material as a result of erosion-sedimentation processes, for
example, on cultivated slopes or river floodplains. In this case,
erosion and/or sedimentation processes have a significant impact
on the vertical distribution of radiocesium in soil profile (Walling,

1998; Golosov et al., 2013; Konoplev et al., 2016a; Mamikhin
et al,, 2016).

Floodplain formation dynamics is primarily influenced by
deformation of river channels, sediment transport and load
(Schumm, 1985; Lewin, 1978). These, in turn, are governed by hy-
drological and geomorphological factors, including flood magni-
tude and frequency, intensity of erosion processes within the
drainage area, structure and density of the fluvial net, the grain size
composition of the transported sediment, channel morphology and
dynamics, width and gradient of the valley floor, and the geological
composition of the alluvial valley fill (Blake and Ollier, 1971;
Nanson and Croke, 1992; Moody and Troutman, 2000). The main
sources of sediments for river basins draining alpine territories
with highly forested slopes are mass movement and linear erosion
(Wasson and Claussen, 2002; Poesen et al., 2003). Processes of
sediment lateral movement on the river bottom include lateral
migration, avulsion, meander cutoffs, and channel switching
(Nanson and Beach, 1977; O'Connor et al., 2003). The river erodes
some sections of floodplain each year, while other sections accrete
sediment and gradually rise in elevation above the river bed due to
sedimentation (Salo et al., 1986; Hughes, 1997). Quantitative in-
formation on floodplain sedimentation rates for short time in-
tervals is limited to several cross-sections or even a single key site
(Walling and Bradley, 1989; Ritchie et al., 2004; Mizugaki et al.,
2006; Knox, 2006; Golosov, 2009; Golosov et al., 2010).

The purpose of this work is to study dynamics of Fukushima-
derived radiocesium in undisturbed soils and floodplain deposits
exposed to erosion and sedimentation during floods and estimate
the rates of natural attenuation due to radiocesium vertical and
lateral migration.

2. Material and methods
2.1. Study area

The area contaminated after the accident at FDNPP is charac-
terized by a monsoon climate with annual precipitation varying in
range from 1100 to 1800 mm/year during 2011—2016 according to
the data from five meteorological stations of Japan Meteorological
Agency (http://www.data.jma.go.jp/gmd/risk/obsdl/) — Haramachi,
litate, Namie, Tsushima and Tomioka located in contaminated
areas. Maximum precipitation occurs during the typhoon season
(mid-August - October) and rainy season (late May — mid-July).
Temperatures are representative of the monsoon climate with
mild winters: the mean monthly values being above zero and with
hot, rainy summers. There are actually no periods with soil freezing
and, together with large amounts of precipitation in the summer
and relatively high average annual air temperature, this should
facilitate vertical radiocesium migration in soils (Konoplev et al.,
2016a).

Soil diversity in the Fukushima-contaminated areas is great due
to the combination of mountain rocks of different lithological
composition, intense weathering and denudation from high seis-
micity, and the steep inclination of mountain slopes. The interfluve
areas include brown soils (under beech forest), ashy-volcanic, rich
in humus, acidic allophonic (andosol) and leached brown soils. The
valley's bottoms are mainly used as paddy fields and are repre-
sented by alluvial soils strongly modified because of many years of
land use. Undisturbed alluvial soils occur on the leveed parts of
river valley bottoms and along the canalized parts of stream
channels typical of intermountain depressions. The arable lands,
mainly paddy fields, occupy about 12% of the total territory in the
region, and occur primarily on extensive depressions and piedmont
lowland.

Fig. 1A shows the study areas and radiocesium deposition based

Please cite this article in press as: Konopleyv, A., et al., Natural attenuation of Fukushima-derived radiocesium in soils due to its vertical and
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Fig. 1. Locations of observation sites with air dose rate distribution map according to the 7th airborne monitoring survey (NRA, 2013) on the date of 28 September 2013 (A); map of
Niida river catchment, sub-catchments and sampling sites locations (Golosov et al., 2016; Konoplev et al., 2016b) with '*’Cs deposition levels according to (MEXT, 2011) (B) and
location of undisturbed soil sampling sites on the catchments of irrigation ponds Inkyozaka (I), Suzuuchi (S), Funasawa (F) and Kashiramori (K) in Okuma town (Konoplev et al.,

2016c¢).

on the results of the seventh airborne monitoring survey, as of 28
September 2013, (NRA, 2013). Two sampling areas selected for
study in the contamination zone were previously described
(Konoplev et al., 2016a) - Okuma town and Niida River catchment.
One more research area to study dynamics of dose rates was
located on the lower parts of a steep slopes of the Takase River
catchment in heavily contaminated mixed forest nearby Namie
town.

Seven cross-sections for sampling and sediment traps installa-
tion were selected on the Niida River floodplain (Fig. 1B). One cross-
section characterized the headwaters of the Hiso River basin up-
stream of its most polluted part (site N7). Three cross-sections
integrate the ®’Cs concentration in sediments delivered from
headwaters of the main uplands rivers (Upper Niida, litoi and Hiso,
sites N4, N5 and N6 respectively). Two cross-sections are in lower
reaches of the Niida River (sites N1 and N2). Site N3 is selected for
integration of 3’Cs concentration in sediments transported from
both the litoi and the Upper Niida Rivers at the boundary between
headwaters uplands and mid-basin rangelands.

Cores of undisturbed soils have been taken from intact areas of
Suzuuchi (S), Funasawa (F) and Inkyozaka (I) pond catchments
covered with shrubs and grass. The fourth sampling site was on the
forest slope near the pond Kashiramori (K) (Fig. 1C).

The sampling site location was determined with GPS GARMIN
Oregon 550TC.

2.2. Soil core sampling

Soil cores were collected to a depth of 30 cm using a liner
sampler DIK-110C (DAIKI, Japan: www.daiki.co.jp) with a plastic
cylinder insert of 5 cm diameter. The soil cores were sliced into
layers 1-5 cm thick, depending on layer position, soil density and
friability. The upper soil layers were 1—3 cm thick, and the lower
layers were 2—5 cm thick. The cores were sampled from April to
August 2014, in April 2015 and from June to August 2016 (Table 1).

Soil samples were dried at 50°C for at least 3 days, then ground and
homogenized on a mortar.

2.3. Application of artificial lawn-grass mats (ALGM)

Square-shaped ALGM (0.46 x 0.46 m?) were placed on various
levels of floodplain surface within each cross-section if possible in
the second half of July 2014 just before the typhoon season. The
synthetic grass-lawn had bristles 1.5 cm high to simulate roughness
of natural grass cover and to trap sediment. Installation involved
natural grass cutting and fixation of ALGM by several steel wire
cramps to ensure that the surface was carefully levelled with the
surrounding natural grass. Mats were replaced by new ones during
the first half of April 2015 after the snowmelt had completed.
Therefore, ALGM were exposed to natural sedimentation processes
on the Niida River floodplain for two separate periods: first, from
July 2014 to April 2015 covering the 2014 typhoon season, and
second from April 2015 to July 2015 covering the 2015 rainy season.
The thickness of deposited sediment layers on ALGM surface were
measured prior to removal. After being removed and delivered to
the lab, sediments were rinsed out by tap water and dried, then the
total weight of deposits was measured, and the total sediment and
radiocesium deposition were calculated. The ¥’Cs and *4Cs con-
centrations were determined for each sample. This technique was
successfully applied to study sediment deposition in different
floodplains (Lambert and Walling, 1987; Middelkoop, 1995;
Baborowski et al., 2007).

2.4. Sample preparation and particle size analysis

Samples of soils and sediments were dried at 60 °C for several
days until a constant weight. Then, material was softly crushed
using a mortar until complete homogenization of the sample was
achieved. Particle size fractions of deposited sediments on ALGM
and soils were separated by sieving with sieves of 0.063; 0.1; 0.5;

Please cite this article in press as: Konoplev, A., et al., Natural attenuation of Fukushima-derived radiocesium in soils due to its vertical and
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Table 1
Description of observation and soil sampling sites.

Location Coordinates Distance from FDNPP, km? 137Cs deposition, kBq/m? Soil type**

Inkyozaka (I) pond's catchment N37.424800° 0.24 2100 + 1000 Fluviosol
E141.017517° (9 soil cores)

Suzuuchi (S) pond's catchment N37.415767° 3.75 6400 + 2200 Fluviosol
E140.979767° (8 soil cores)

Funasawa (F) pond's catchment N37.406050° 3.5 2900 + 800 Terrestrial regosol
E140.986217° (7 soil cores)

Kashiramori (K) pond's catchment N37.379626° 7 900 + 370 Andosol
E140.959180° (8 soil cores)

Niida river floodplain, N1 N37.654117° 23 110 Fluviosol
E140.956667° (MEXT, 2011)

Niida river floodplain, N2 N37.660908° 27.8 280 Fluviosol
E140.911855° (MEXT, 2011)

Niida river floodplain, N3 N37.653600° 322 810 Fluviosol
E140.798233° (MEXT, 2011)

Niida river floodplain, N4 N37.676900° 34.2 960 Fluviosol
E140.769550° (MEXT, 2011)

Niida river floodplain, N5 N37.660700° 32.1 980 Fluviosol
E140.774583° (MEXT, 2011)

Niida river floodplain, N6 N37.613650° 28.6 1660 Fluviosol
E140.801197° (MEXT, 2011)

Niida river floodplain, N7 N37.612845° 34.4 1360 Fluviosol
E140.712493° (MEXT, 2011)

Takase river catchment, T1 N37.465018° 9.8 5800 + 400 Andosol
E140.920988° (Backpack)

Takase river catchment, T2 N37.471189° 9.0 4400 + 200 Terrestrial regosol
E140.935467° (Backpack)

@ Distance was determined from site location to the closest point on the border of FDNPP industrial site; **According to soil classification of Japan (Obara et al., 2011).

1.0 and 2.0 mm mesh. Weight of sediments on each sieve were
measured and then weight proportions were obtained. For smaller
samples such as individual layers of soil/sediment cores, the laser
diffraction particle size analyzer (MASTERSIZER 3000, Malvern In-
struments, Ltd., UK) has been used.

2.5. Dose rate measurements

Air dose rates at 1 m height were determined at all sites using an
ALOKA pocket survey meter PDR-111. A portable gamma spec-
trometry system in a backpack configuration (Cresswell et al., 2013,
2016; Sanderson et al., 2016) had been deployed to measure dose
rates and radiocaesium deposition in forests around the Takase
River on 10 April and 18 May 2015. Measurements with this system
were repeated at the T1 and T2 sites (Fig. 1A) on 19 October 2015.

D-shuttle dosimeters (Chiyoda Technol Corp., Japan) were used
to collect hourly cumulative gamma-ray doses at sites in the Takase
river catchment and Niida river floodplain. These dosimeters
employ semi-conductor technology using a Si-PIN diode (size of
1.2 cm x 1.4 cm) as the gamma-detector, and are encased in a lead
collimated shield (3 cm thick on the top, 3 cm thick of the sidewall
and 2 cm thick of the underside) with a 3 cm x 3 cm collimation
window in the underside shield opposite the diode. These devices
record hourly dose rates inside the collimator, which correlate to
the surface dose rate from spots of soil surface (with a diameter
approximately equal to the installed height) directly below the
collimation window. D-shuttle dosimeters were installed at height
of 10 cm—60 cm above the soil surface using specially designed
holders. D-shuttle dosimeters were installed at sites T1 and T2
(Takase River catchment) on 19 October 2015 at a height of 10 cm
above the floor surface; at site N6 (Niida River floodplain) on 18
February 2016 at a height of 60 cm above the floodplain surface and
at site N2 (Niida River floodplain) on 18 February 2016 at a height
20 cm above the floodplain surface. Table 2 presents air dose rates
at the sites under study at the time of installation of D-shuttle
dosimeters. It should be noted that D-shuttle dose rate readings are
essentially lower as compared with air dose rate at 1 m height using
ALOKA pocket survey meter PDR-111. However, D-shuttle readings

are much more sensitive to changes in radiocesium inventory and
its vertical distribution on the local spot covered by D-shuttle
dosimeter with collimated shield.

2.6. 137Cs and 34Cs measurements

The 37Cs and 134Cs activity concentrations in the samples were
measured by gamma spectrometry using a standard electrode co-
axial high-purity germanium detector (HPGe) CANBERRA GC3018
with relative efficiency of 31.9%. The gamma-spectra obtained were
analyzed with Gamma Explorer (Canberra Industries Inc.). A true
coincidence summing correction considering the container geom-
etry was applied. Gamma-ray emissions at energies of 604.7 and
661.6 keV for **Cs and '3/Cs, respectively, were counted for
1800—72,000 s (all the samples were measured within 10% error),
and detection limits of 134Cs and ¥’Cs were calculated using the
method of Cooper. Decay corrections were made based on sampling
date. Nine nuclides mixed activity standard volume sources in
alumina (Japan Radioisotope Association, Tokyo, Japan;
MXO0033U8PP) were used as reference standards.

Vertical distributions of 3’Cs in soils were presented as a
function of its inventory in 1-cm layer at correspondent depth (Bq/
m?cm) for floodplain soils or in a fraction of 1-cm layer inventory at
correspondent depth from the total '*’Cs inventory in soil (cm™1).

3. Results and discussion

3.1. Dynamics of vertical distribution of '*’Cs in undisturbed
catchment soils

Fig. 2 presents 137Cs vertical distributions in six cores of undis-
turbed grassland soil at the site near the pond Suzuuchi (S) in
Okuma town (Fig. 1C), collected from March 2014 to June 2016. All
six profiles are characterized by a maximum of *’Cs activity con-
centration in the top 2 cm layer of soil, with up to 80—90% of the
total inventory remaining in the upper 5 cm layer. The rate of 13’Cs
vertical migration in the cores collected shows high variability. The
effective dispersion coefficient Deg characterizing vertical
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Table 2
Initial 1-m height air dose rates readings using ALOKA pocket dosimeter for the sites of D-shuttle dosimeters with collimated shield installation for continuous dose rate
recording.
Site Takase river catchment Niida river floodplain
T1 T2 N2 N6
Date of installation 19.10.2015 19.10.2015 18.02.2016 18.02.2016
Air dose rate at 1 m height, pSv/h 18.2 12 0.6 0.85
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Fig. 2. Differential vertical distributions of '*’Cs inventory fraction (cm~') in 6 soil
cores collected at the site Suzuuchi (S) pond in Okuma town from April 2014 to June
2016.

migration rate in undisturbed soil and estimated using the “quasi-
diffusional” model (Bulgakov et al., 1991; Ivanov et al., 1997;
Konoplev et al., 2016a) for these six profiles varied in a wide
range, from 0.3 to 3 cm?/year. The lowest Deg 0.3 cm?/year was
found for the core collected in April 2015, and highest 3 cm?/year
was found for one of the three cores collected in June 2016. Similar
variability of ¥’Cs vertical distribution and migration rates was
observed for other undisturbed soil cores collected in Okuma town
(catchments of ponds Inkyozaka, Funasawa and Kashiramori).

It should be said that the profiles shown in Fig. 2 are for the
samples collected from March 2014 to June 2016 within one site (at
a distance of several meters from each other), which means that the
soil type was the same (fluviosol), as well as meteorological con-
ditions (precipitation, air and soil temperature etc.). The observed
variability in data, however, is high due to various factors. It needs
to be realized that an important role in vertical migration is played
by factors which cannot be monitored in a conventional way: these
are random processes associated with biota, plant roots etc.
Therefore, uncertainty will be high, particularly in the first years
after an accident and it does not seem possible to reduce it through
monitoring of traditional parameters.

It follows from the above data on 3’Cs vertical distribution in
undisturbed catchment soil that both migration parameters and
predictions made with them demonstrate a very high uncertainty,
at least an order of magnitude, even for the same sampling site. The
vertical migration of *’Cs in Chernobyl soils showed even greater
variability (Ivanov et al., 1997). However, as was already noted
previously (Konoplev et al., 2016a, 2016b), the range of Degr varia-
tion in Fukushima-contaminated soils is characterized by higher
values.

3.2. Study of sediments and associated radiocesium deposition on
Niida river floodplain using ALGM

Table 3 summarizes the data obtained using ALGM installed on
seven observation sites of the Niida River floodplain. Sedimentation

processes on the floodplain occur exclusively during floods. Both
periods of ALGM exposition to sedimentation occurred earlier the
extreme flooding caused by Tropical Storm Etau, 6-11 September
2015. According to Japan Meteorological Agency (JMA) during the
first period of ALGM installation from July 2014 — April 2015, total
of 903 mm of precipitation fell; during the second period of ALGM
installation from April 2015 — July 2015, the total precipitation was
370 mm.

A comparison of initial radionuclide inventories in floodplain
fluviosoils and sediments collected from the ALGM allows us to
assess the tendencies of radionuclide inventory change for different
reaches of the Niida River basin (Table 2). It is possible to split all
sampling locations into three groups according to the proportion of
inventory increase: high increase >8% (N1/low; N4/middle and N5/
middle); medium increase 4—8% (N6/low) and low increase <4%
(N6/middle and N7/middle). The reasons for such changes, how-
ever, even on the floodplain sections forming the same group are
different, since sediments accumulation rates and *’Cs concen-
trations in deposited sediments were influenced by different fac-
tors. There are three main factors influencing radionuclide
inventories in sediments: sediment deposition rate, level of radio-
nuclide contamination in the upstream part of the basin and pro-
portion of different sediment sources input. The high increase of
total inventories for sampling locations N4 and N5 is mostly asso-
ciated with the highest deposition rates in these locations (see
Table 3). Increased sediment accumulation rates, in turn, are due to
the morphology of artificially straightened and narrowed channels
on these sites. The watercourse is canalized and the canal has
concrete walls. The floodplain is formed within the canal bottom,
making the conveying capacity of the channel even lower. As a
result, almost every flood event leads to inundation of the flood-
plain, on which transported sediments tend to accumulate due to
high roughness of the surface (grass cover of 0.7—1.0 m high). In
fact, these sediments originate from the material transported from
the catchment area, which was formed primarily by bank erosion of
periodically drying water courses draining the steep slopes on
interfluve area and sediments formed due to partial erosion of
sections of floodplain formed on canalized channels. Floodplain
sites 4 and 5 (Fig. 1B) are typical of the upper reach of Niida river
valley, its main tributary litoi river and smaller tributaries inflow
into these rivers, because these watercourses, except for the up-
permost reaches, are running in canalized channels.

Higher levels of radionuclide contamination in the upstream
part of the river basin is the main factor for the site N1. N1 located
downstream of the Niida river on the lowland plain (Fig. 1B). The
lowland plain is the least contaminated part of the Niida basin, and
therefore even minor accumulation of relatively low contaminated
sediments, of which a large proportion are sediments formed by
bank erosion, results in a significant increase in *’Cs inventory.
Sites N6 and N7 are located within the Hiso basin, the central part
of which is the most contaminated section on the Niida basin
(Fig. 1B). In absolute terms, the *’Cs concentrations in sediments
deposited on these floodplain sections after typhoon seasons and
rainfalls are not so much different from those in sediments
deposited on sites N4 and N5. The Hiso river, upstream of site 6 and
almost all the way to site N7, is running in a partially regulated
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Table 3

Total sediment deposition (mm) and changes of >’Cs inventories for observation sites on the Niida River floodplain using ALGM.

137Cs deposition with sediments, kBq/m? % of initial inventory

Site Floodplain level Layer of deposited sediments, mm
ALGM exposition time from July 2014 to April 2015
N1 Low 5.2
N4 Middle 9.2
N5 Middle 6.8
N6 Low 2.9
N6 Middle 1.0
N7 Middle 2.0
ALGM exposition time from April 2015 to July 2015
N2 Low 0.5
N4 Middle 3.5
N5 Middle 21

N6 Low 0.5
N7 Low 1.6
N7 Middle 0.3

9.7 8.6
91 9.4
98 10
72 43
43 2.6
31 2.5
6.9 25
38 4

25 2.6
14 0.8
30 22
55 0.4

channel and only some parts of one bank are consolidated. The
morphology of the floor of the valley is such that the river is eroding
the valley sides on many sections and this material resulting from
erosion is the main source of the suspended sediment load. In
contrast, site N7, located on the Hiso river floodplain upstream of
the zone with the highest contamination levels, occurs in a cana-
lized channel, likewise sites N4 and N5. The channel of the Hiso
river and its tributaries located upstream of site N7 is draining an
extensive intermountain depression and is also canalized. A minor
increase in the 3’Cs inventory in this case is explained by low
overbank sedimentation rates.

The average annual sedimentation rate of different sections of
the Niida River floodplain based on ALGM observations from July
2014 to July 2015 varied from 0 to 1.3 cm/year depending on the site
location and floodplain level. This range corresponds to mean
values estimated from radiocesium vertical distributions in Niida
River floodplain deposits of 2014 (Konoplev et al., 2016a).

Fig. 3 shows the particle size distribution for sediments accu-
mulated and collected on the mats in July 2015 which was
measured by sieving. Fig. 4 shows particle size distribution ob-
tained by laser diffraction for the layers of different depths of the
core collected at site N5. Since the amount of available material was
much more limited, it was not possible to use the sieving method in
this case. Comparison of the particle size distributions for the mats
and different layers of the core at site N5 indicates that they are
more or less identical, having the maximum around 60—100 um.
However, possible errors associated with application of different

50 1
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Fig. 3. Particle size distribution of sediments deposited and collected on ALGM at
Niida river floodplain sites under study. Data were obtained by sieving technique and
are presented for the sampling points nearest to the Niida river water front.
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Fig. 4. Differential particle size distribution of sediments at various depth (0—1 cm;
7—-9 cm and 20—23 cm) measured by laser diffraction particle size analyzer for the core
collected near the Niida river waterfront on the site N5.

techniques for grain size analysis, should be taken into consider-
ation (Konert and Vandenberghe, 1997).

With respect to particle size distribution, the sediments
deposited on the mats fall into two groups corresponding to type of
channel section on which a site occurs as well as water content of
the flow on each of the sections.

Artificial straightened canalized channels form the largest group
(sites 4,5 and 7). Actually, the suspended sediments transported by
the flow on these sections are dominated by materials resulting
from erosion of the floodplain within the canalized channel with
concrete banks. This is confirmed by similar particle sizes of sedi-
ments, sampled along the sediment depth profile on the floodplain
site 5 (Fig. 4), for which sediment depth profiles were obtained.
Very small variations in particle sizes between different layers are
explained by certain differences in transporting ability of the flow
during floods of different water content. In case of heavier floods,
the proportion of sand (0—1 c¢cm layer on Fig. 4) due to somewhat
higher fraction of sand in suspended sediments that are redepos-
ited on the floodplain.

Note should also be made of a gradual reduction in fine fractions
(<0.1 mm) in sediments from sections with greater water content
of river flows from site 7 (upstream of the river Hiso) to site 4
(channel of the river Niida, above the confluence with the river
litoi).

The second group includes sediments on the floodplain (sites 1
and 6) noted for larger particle sizes. These sites are located on the
floodplain section downstream of the eroded valley side of the river
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Hiso in its lower reaches and on a wide floodplain section in the
lower reach of the river Niida on coastal lowland. Particle sizes of
these sediments always remain larger as compared to sediments on
floodplains of the first group, however, can vary within a wide
range depending on strength of floods occurring in a particular
section. Flood strength is controlling the ratio of particle sizes of
sediments resulting from erosion of valley walls of the river
channel, influxes from catchment areas and erosion of floodplain
sections. The proportion of sediments formed due to erosion of
valley walls and river channel is increasing sharply and becomes
dominant during extreme floods, while fine particles of the sedi-
ments, due to increased turbulence of flows, do not redeposit on
the floodplain at all and are transported downstream.

Particle size distribution on site 1 is also controlled by water
content of the river flow which, first, is higher in the lower reaches
of the river and therefore the proportion of fractions with particle
size,0.1 mm, by and large, does not redeposit on the floodplain.
Secondly, the particle size distribution of the sediments trans-
ported by the river Niida flow downstream is always determined by
different sources of sediments, likewise particle size distribution on
site 6.

3.3. Redistribution of radiocesium within Niida River catchment
during extreme flood event

As was shown earlier (Konoplev et al.,, 2016a), the form of
radiocesium vertical distribution in floodplain soils differs signifi-
cantly from that in undisturbed catchment soils because of erosion
of top soil and/or accumulation of sediments during floods. Sig-
nificant flooding occurs in Fukushima Prefecture during typhoon
seasons, usually from mid-August - October, and during rainy
seasons, in late May-July (Fig. 5). Avery rare extreme flood occurred
from 6 to 11 September 2015 as a result of Tropical Storm Etau
passed on. During a 6 days-period, 456 mm of precipitation fell in
upper reach of Niida River (according to JMA data for litate mete-
orological station) which is about one third of the annual norm. The
probability of such extreme floods can be estimated at 4—5% per
year (Golosov et al., 2016). During the flood of September 2015,
water flows washed out unsupported sections of stream banks.
Also, some landslides occurred, mainly on very steep slopes. Sedi-
ment originated from the bank erosion, and landslides has very low
concentration of 13’Cs because of high proportion of material from
deep soil layers. On the straightened sections of rivers, the water
levels rose 2—2.2 m above the low water level, thereby watering
floodplains to a depth of over 1.2 m. Significant changes occurred
on the upper parts of the basin where floodplain sections were
confined by a dam on the one side, while the opposite valley side
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Fig. 5. Precipitation (mm/day) during 2015—2016 at Japan Meteorological Agency's
meteorological station litate within Niida river basin (http://www.data.jma.go.jp/gmd/
risk/obsdl/).

bank was eroded by the river. On separate parts of the river, the
flow was discharged within the floodplain and thick sediments
were formed of mixed sand and shingle spit of 30—40 cm, with a
total weight of 400—500 tons, which is actually one tenth of the
total volume of suspended sediments flowing over a year in this
cross-section of the Hiso river (right tributary of Niida River)
(Fig. 1B, site N6). On the parts of incised riverbed with significant
slopes in the middle part of the basin, the water levels were also
more than two meters above the low stage, but no major restruc-
turing of the riverbed was seen. The riverbed experienced clearing
from meander bars made of sand and gravel material. There were
no major changes in the riverbed on the flat part of the basin, even
though the maximum water levels on the valley bottom were as
high as 2.0—2.5 m above the low water levels. The accumulation
layer for sand-gravel and boulder cobble materials on different
parts was from 0.1 to 0.5 m, with average values 0.2—0.3 m. (Fig. 1,
sites N1 and N2). The length of newly formed sections of meander
bars varied from dozens to more than 150 m. On some downstream
sections of the Niida River, the banks were eroded over a length of
50—90 m, with dereliction of 2.5 m. It should be noted that the
main effect of the flood consisted of strong washing of the Niida
River and its tributaries over the entire length of the river up to the
estuary, which has led to transport of the most >’ Cs contaminated
fine fractions of sediments to the ocean.

Sediment accumulation on different parts of the floodplain has
resulted in different changes in dose rates, reflecting the extent to
which a specific stretch and adjacent area were contaminated
(Table 4). Greater changes in dose rates on the floodplain occurred
on the upper reaches.

Fig. 6 demonstrates dynamics of '>’Cs vertical distribution in the
upper 30-cm layer of soil/sediments at four selected observation
sites on the Niida River floodplain. For the site N2 (Fig. 6A), which is
downstream of the Niida River with relatively low radiocesium
initial deposition, there was no essential change in '>’Cs inventories
during first year of observations from April 2014 to April 2015
(Fig. 4A). 137Cs inventories in different cores varied in about 10%
narrow intervals from 560 kBq/m? in April 2014 to 450 kBq/m? in
April 2015. However, the profile of August 2016 demonstrated
significant changes both in the shape of distribution and in *’Cs
inventory. '37Cs activity concentrations decreased in the top layer
from 15 to 20 kBq/kg in 2014—2015 to only 2—3 kBq/kg in 2016
after the extreme flood of September 2015. At the same time, total
137Cs inventory increased by more than 4 times. 30-cm depth cor-
ing was not enough to cover the whole radiocesium profile on site
N2 in August 2016, and an essential part of the total '*’Cs inventory
was located lower than 30 cm. *’Cs inventory in upper 30 cm of
soil/sediments was found to be 1930 kBq/m?. Radiocesium dy-
namics in soil profile at the site N2 demonstrates, on the one hand,
accumulation of contaminated sediments at the site but, on another

Table 4

Change of air dose rate at 1 m height above soil surface at the sites under study
within Niida river floodplain before and after extreme flood because of Tropical
Storm Etau of September 6—11, 2015

Site River section Floodplain section Air dose rate at 1 m height, uSv/h

April 2014 April 2015  April 2016

N1 Downstream Levee 1.0 0.9- 0.33
Depression 0.65 0.6 0.6
N2 Downstream Levee 1.5 11 0.6
Middle level 1.5 1.1 1.0
N3  Upstream Middle level 2.0 1,3 1.6
N4  Upstream Middle level 2.5 23 0.98
N5  Upstream Middle level 2.7 2.6 0.85
N6  Upstream Middle level 5.1 6 0.82
Higher level 5.1 6 21
N7  Upstream Middle level 3.8 37 23
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Fig. 6. Dynamics of depth distribution of '*’Cs inventory in 1-cm layer of soil/sediments (Bq/m?cm) for Niida river floodplain from April 2014 to August 2016: (A) — site N2 (low
level); (B) - site N4 (middle level); (C) — site N5 (middle level); (D) — site N6 (middle level).

hand, substantial reduction of radiocesium activity concentration
in top soil layer and covering the most contaminated soil with
cleaner “diluted” sediments. Roughly estimated sediment deposi-
tion during the flood of September 2015 on the basis of the core
collected in August 2016 at the site N2 is about 20 cm.

Vertical distribution of 37Cs on site N4 (Fig. 6B) has already
demonstrated the impact of erosion-sedimentation processes for
2014. From July 2014 to April 2015, the maximum of *’Cs moved
for about 6 cm deeper due to sediments deposition occurring
mostly during the 2014 typhoon season. 1*’Cs inventory at the site
for the same period increased for about 80%, meaning that accu-
mulation processes prevailed erosion. At the same time >’Cs ac-
tivity concentration in top soil layer decreased due to deposition of
cleaner sediments. As a result of these two opposing processes,
increasing of total inventory and decreasing of *’Cs activity con-
centration in the top soil layer, the dose rate did not change
significantly (Table 4). The core collected in August 2016 showed
further movement of the maximum of '3’Cs activity concentration
for more 9 cm as compared to the core of April 2015 and substantial
decrease of 137Cs activity concentration in the upper soil layer. The
total inventory of '*’Cs dropped to 1200 kBq/m? for August 2016
from 1760 kBq/m? for April 2015. Most likely, this is explained by a

mixture of processes of upper layer floodplain soils erosion and
deposition of fresh, cleaner sediments, mostly occurring during
extreme flood event in September 2015. Because of a combination
of these processes, the air dose rate at site N4 dropped more than 2
times as compared to 2014 and 2015 (Table 4).

A similar situation was observed for the site N5 (Fig. 6C). A
maximum of 3’Cs activity concentration moved deeper for 6 cm
from July 2014 to April 2015 and dropped down in absolute value.
At the same time, '*’Cs inventory did not change substantially.
Unfortunately, it was not possible to collect the core at the site after
the extreme flood of September 2015 because this section of
floodplain became very stony following the flooding. The reduction
of the air dose rate on the site after the extreme flood was about 3
times as compared with 2014—2015 (Table 4).

The most dramatic changes of radiocesium distribution after the
extreme flood event in September 2015 occurred at the site N6 on
the floodplain of the Hiso River — tributary of Niida River. Fig. 6D
demonstrates dynamics of 13’Cs vertical distribution in soil/sedi-
ments on the middle level of the floodplain site N6. From April 2014
to April 2015, 137Cs inventory increased on the site from 1220 kBq/
m? to 2120 kBq/m? because of accumulation of sediments origi-
nated from heavily contaminated watershed of upstream Hiso
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River. A slight increase of the air dose rate from 5.1 to 6.0 uSv/h was
observed from April 2014 to April 2015, but during the September
2015 extreme flood, these sediments were removed by the flow and
were replaced by cleaner sediments originating from deeper soil
layers and washout of the unsupported banks. Both activity con-
centrations and inventory dropped down significantly which
caused substantial decrease of the air dose rate from 6 to 0.82 uSv/h
(Table 3). Line measurements of freshly deposited sediments after
the flood of September 2015 showed that sediment deposition
during the event at site N6 was up to 40 cm.

Therefore, during the extreme flood caused by Tropical Storm
Etau occurring during 6—11 September 2015, substantial natural
decontamination of the Niida River floodplain took place followed
by a significant drop of air dose rate.

3.4. Dynamics of y-ray dose rate from soil surface

Fig. 7 shows the dynamics of collimated shield dose rate read-
ings from soil surface on two sites (T1 and T2) on the heavily
contaminated Takase River catchment together with data on pre-
cipitation and air temperature at meteorological station Namie,
located closest to the sites. Dose rate in both cases decreased faster
than if due to radioactive decay only. The faster reduction in dose
rate is explained by natural attenuation such as erosion of the top
soil layer, vertical migration of radionuclides in soil profile and
deposition of cleaner sediments transported by surface runoff
(IAEA, 2006Db). In addition to observed dose rates time dependence,
Fig. 5 shows a hypothetical reduction with time of dose rate
exclusively due to radioactive decay of *’Cs (Ty, = 30.17 years) and
134Cs (Ty 2 = 2.06 years), which are not subject to any migration,
and the change in dose rate is caused by their radioactive decay
only. In this case, neglecting the pre-accident radiation background
on the sites and assuming that in 2015—2016 observed dose rate
can be attributed to '*4Cs and 3’Cs exclusively and the initial ratio
of isotopes 34Cs/'*’Cs in fallout immediately after the accident to
be 1 (Hirose, 2012), the time change in dose rate can be approxi-
mated by the equation below (Yoschenko et al., 2016):

(e"l‘” Ut oy -e"‘m't)
137

DR(t) = DR(to) x (1)

(3—1137 “lo + i34 .e—7x134'f0>
137

where t — current time after the accident; tp — time after the
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Fig. 7. Time dependence of dose rates (uSv/day) recorded with collimated shield D-
shuttle dosimeter from soil surface spot 10 cm below the dosimeter for two sites T1
and T2 on Takase river catchment during eight months from 20/10/2015 to 20/07/2016
together with data on precipitation (mm/day) and air temperature (°C).

accident for the date of D-shuttle dosimeter installation; DR(t) —
current dose rate, DR(ty) — dose rate for the date of dosimeter
installation; A;37 and A34 — rate constants of radioactive decay for
137Cs and 134Cs, correspondingly; ¢134/137 — ratio of 134Cs and *7Cs
gamma kerma equal 2.687 (Gusev and Belyaev, 1991).

Data shown in Fig. 7 are indicative of an essential reduction in
dose rate during flooding periods in November 2015 and from the
end of May-June 2016. Besides, a significant and sharp reduction in
T1 occurred during snowmelt and resulting surface runoff in
February 2016, when a sharp increase in air temperature was
observed.

Besides processes of radionuclide vertical and lateral migration
variations in the daily dose rates over observational period are
caused by decay of radionuclides, as well as stochastic nature of
quantity measured, changes in y-ray absorption properties of soil
(moisture content), instrument error etc. At the same time, the
analysis of time dependence of the ratio of the measured dose rate
to the calculated one, based on radioactive decay (equation (1)),
shows that for each of the observational sites T; and T, three time-
intervals can be identified when reduction in dose rate was deter-
mined primarily by decay, with minor variations of daily mean dose
rates. For the site T1 normalized dose rate was 1.03 + 0.01 for period
from 28 October to 14 November 2015, then it decreased up to
0.98 + 0.03 for 15 November 2015 to 07 February 2016 and then to
0.86 + 0.02 for 08 February to 21 June 2016. For T2 the corre-
sponding values were equal to 1.00 + 0.01 for period 20 October —
08 November 2015; 0.87 + 0.03 for 09 November 2015—27 April
2016 and 0.74 + 0.03 for 08 February to 22 July 2016. In all the cases,
the differences between the normalized dose rates measured in the
subsequent periods were significant (t-test p < 0.00001). Therefore,
two sharp reductions in the measured dose rates in each of the
observational points were due to a factor other than radioactive
decay and cannot be brought about by the above-mentioned factors
causing variations of daily mean values. We suppose that these
sharp reductions of dose rates in both cases are caused by slope
erosion processes associated with heavy rain in November 2015
and snowmelt runoff in February 2016.

For the site N6 on the Niida River floodplain faster reduction of
collimated shield dose rate readings as compared to only radio-
cesium decay was observed as well. However, for the site N2, a
slight increase of the D-shuttle dose rate readings was observed
due to accumulation of contaminated sediments deposited during
flooding.

From the time dependence in D-shuttle dose rate readings an
estimated integral rate constant of natural attenuation processes
was obtained using an exponential trendline of dose rate dynamics.
Calculated rate constants of natural attenuation and its half-times
are presented in Table 5. Estimated rate constants of dose rate
reduction for the sites without contaminated sediment accumula-
tion in 2016 ranged from 0.21 to 0.38 year ' and correspondent
periods of dose rate half-reduction was 1.8—3.3 years.

4. Conclusions

Application of artificial lawn-grass mats to collect deposited

Table 5
Rate constants Ap, (year~!) and half-times 1% (year) of natural attenuation pro-
cesses based on dynamics of shield collimated dose rate readings.

Site Period of observations ~ Ana (year™') Ti% (year)
Takase river, T1 20.10.2015-20.07.2016 0.32 2.1
Takase river T2 20.10.2015—-20.07.2016 0.38 1.8
Hiso river floodplain, N6  20.02.2016—20.07.2016 0.21 33
Niida river floodplain, N2 20.02.2016—20.07.2016 — >5
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sediments on the Niida river floodplain allowed sedimentation and
radiocesium accumulation rates to be determined at different
sections of the floodplain. Integral annual sedimentation rate on
different sections of Niida river floodplain based on ALGM obser-
vations from July 2014 to July 2015 reached up to 1.3 cm/year
depending on the site location and floodplain level. Niida river
sections with high, medium and low radiocesium accumulation
were identified. During one year from July 2014 to July 2015 up to
13% increase of '3’Cs inventory on the Niida river floodplain was
observed using artificial lawn-grass mats.

Extreme flood event of about 4—5% probability associated with
Tropical Storm Etau 6-11 September 2015 caused substantial nat-
ural decontamination of Niida river floodplain because of erosion of
contaminated particles from the top layer and additional burying
contaminated surface particles by deposited clean sediments. This
was followed by significant drop of air dose rate. Air dose rate at
some sections of Niida river floodplain decreased more than 7
times after 6 days of flood. Sediment deposition for downstream
section of Niida river floodplain reached 20 cm after the event, and
for upstream section in the area of confluence of Hiso river with
basic Niida river — up to 40 cm. Extreme flood events during ty-
phoons result in fast and efficient natural attenuation.

Continuous collimated shield dose rate observations from soil
surface using D-shuttle dosimeters allowed an estimate natural
attenuation rates for river catchments and floodplain radioactive
contamination. Estimated rate constants of dose rate reduction for
the sites without contaminated sediments accumulation in 2016
were in range of 0.2—0.4 year .

Accounting for soil erosion and sediment accumulation within
river catchment and in particular, river floodplain, is key for pre-
dicting redistribution of radioactive contamination after the FDNPP
accident on the contaminated territories, as well as for decision
making about remediation and clean-up of contaminated
territories.

Generally, due to higher precipitation, steeper slopes, higher
temperatures and higher biological activities in soils, self-
purification and natural attenuation of radioactive contamination
in Fukushima associated with vertical and lateral radionuclide
migration is essentially faster than in Chernobyl. In many cases
monitored natural attenuation along with appropriate restrictions
is the most optimal option for water remediation in Fukushima
contaminated areas.
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