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ARTICLE INFO ABSTRACT

Keywords: Significant deposition of radiocesium including *3*Cs and %”Cs occurred in March 2011 following the Fukushima
i"f‘diocesmm nuclear accident across vast regions of Northeastern Japan. However, as most studies focused on fallout that took
13722 place in the Fukushima Prefecture, much less information is available on the situation that prevails further to the
210pp, North, in other parts of the Tohoku Region of Japagl.oln this context, the. .curfg?t reseafgl investigated the
Fingerprinting occurrence of fallout radionuclides (including natural “*“Pbys as well as artificial “>"Cs and **’Cs) in burned and

unburned soil profiles as well as in a range of surface soil and sediment samples collected in the region of
Kamaishi (Iwate Prefecture, Tohoku Region, Japan) affected by wildfires in 2017. Results show that 2°Pb,, and
137Cs may be used as tracers of sediment sources across landscapes affected by wildfires in this region.
Furthermore, the soil profile analysis demonstrated that all analysed fallout radionuclides were found enriched in
the burned vs. unburned profiles, due to the incorporation of radionuclides trapped by vegetation into the ash
after the fire. The detection of '3*Cs in the uppermost 0-5 cm depth layer in all investigated soil profiles also
allowed to demonstrate the occurrence of significant Fukushima fallout of 134Cs and '*’Cs in this region (roughly
of the same order of magnitude as the fallout associated with the nuclear atmospheric tests in the 1960s). In the
future, both sources of fallout should be considered to provide relevant interpretations when examining radio-
nuclide data found in environmental samples collected in vast regions of Northeastern Japan. The analysis of
134Cs should also be encouraged to document the sources of fallout in these regions as long as this short-lived
radionuclide remains detectable (i.e., theoretically by 2031).

Soil inventories

1. Introduction

Following the Fukushima Dai-ichi Nuclear Power Plant (FDNPP)
accident in March 2011, airborne surveys were rapidly available as soon
as in April 2011 to document the spatial variations of radionuclide
deposition across Northeastern Japan (Kato et al., 2019; Masson et al.,
2011) (Fig. 1a). Most of deposition consisted of radiocesium including
134¢s and '¥7Cs (T1/ = 2.064 years and 30.018 years, respectively)

(Shozugawa et al., 2012; Steinhauser et al., 2014). Both isotopes were
emitted in similar proportions at the moment of the accident (Kobayashi
et al., 2015) although they decay with very different velocities, given
their contrasting half-lives. Most monitoring efforts were logically
concentrated across the main radioactive plume located to the north-
west of FDNPP (Fig. 1a), and within Fukushima Prefecture (Evrard et al.,
2015; Onda et al., 2020). Although it is known from airborne surveys
and other measurements (e.g. foodstuff analyses) that significant
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radioactive fallout took place in other Prefectures of Northeastern Japan
(Hori et al., 2018), more precise measurements are lacking in some of
these areas, particularly in the northern part of Tohoku Region, in order
to verify the occurrence and quantify the magnitude of Fukushima
fallout in these regions.

still, as fallout radionuclides including artificial 3’Cs are increas-
ingly used as temporal markers or sediment source tracers in Earth
Science and environmental research (Evrard et al., 2020; Mabit et al.,
2008), it is of paramount importance to determine unambiguously
whether radioactive fallout occurred in these regions following FDNPP
accident in 2011 along with its potential magnitude. Indeed, several
decades after Chernobyl accident that took place in 1986, numerous
publications continue to attribute 13’Cs peaks recorded in sediment ar-
chives to this accident in areas that are very unlikely to be affected by
Chernobyl fallout (Foucher et al., 2021), due to this lack of unambiguous
determination of those areas affected by post-accidental fallout. Such
reconstruction of initial radiocesium deposition remains possible several
decades after the emission event (Meusburger et al., 2020), although it
requires the deployment of time-consuming and expensive experiments
to analyse other longer-lived isotopes such as those of plutonium or
long-lived 135¢g (Jaegler et al., 2018; Magre et al., 2022; Steinhauser,
2014). To avoid these time-consuming and destructive analyses, the
measurement of traces of '3*Cs that may only have been emitted into the
environment by FDNPP accident in Japan during the 21st century before
its complete decay (estimated to take place after ~10 half-lives, i.e. by
2031 for FDNPP accident) may provide an effective alternative to
investigate the occurrence of Fukushima-related radiocesium fallout
across vast areas in Northeastern Japan.

In addition to providing chronological markers used for dating
sediment archives (Bruel and Sabatier, 2020), fallout radionuclides
supplied to the soil with rainfall are also often used to distinguish
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between contrasted sediment source contributions from the landscape.
Typically, they allow differentiating the respective proportions of ma-
terial originating from surface sources exposed and enriched in fallout
radionuclides and those of subsoil material (i.e., rills, gullies, channel
banks, landslides) depleted in radioisotopes (Evrard et al., 2020), which
is particularly useful to identify the main soil erosion processes.

As fallout radionuclides provide useful tracers of sediment redistri-
bution following environmental disturbances (Owens, 2020), an area of
specific interest in Japan was the zone affected by extensive wildfires
near Kamaishi City, in Iwate Prefecture. These fires took place in May
2017 and burned a surface area of 413 ha, which was at that time the
largest forest fire in Japan that occurred since 1995 and which may be
considered as an extreme fire in Japan as the affected area was higher
than the total area generally affected by fires nationwide — 384 ha in
2016 (Touge et al., 2023). It has indeed been shown that wildfires lead
to the concentration of radionuclides (mainly the natural 2!°Pb in
addition to 137Cs) accumulated over time by the vegetation and organic
matter in ash, which may then be used to trace sediment redistribution
and source contributions following such disasters (Estrany et al., 2016;
Smith et al., 2011).

In this context, the current research will investigate the potential
occurrence of Fukushima-related radiocesium deposition in 2011 in the
area affected by wildfires in Kamaishi City, Northern Japan. It will also
determine whether fallout radionuclides may provide useful tracers of
sediment redistribution following wildfires in this region of Northern
Japan through the comparison of radionuclide activities in soil profiles
collected in burned vs. unburned areas. Finally, the potential use of
fallout radionuclides to quantify surface vs. subsurface sediment source
contributions in such a context of environmental disturbance will also be
discussed.
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Fig. 1. Deposition density of '*’Cs across (a) Northeastern Japan and (b) southeastern Iwate Prefecture following FDNPP accident according to the airborne
monitoring survey conducted by the prefecture and decay-corrected to May 31, 2012 (JAEA, 2012), and the (c) fire intensity and impacted area by the wildfire of
May 2017 (Emang et al., 2019), with the location of soil and sediment samples and soil profiles analysed in the current research.
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2. Materials and methods
2.1. Study area

Burned areas in Kamaishi were covered with both planted and nat-
ural trees. Planted forests mainly consisted of conifers, such as Pinus
densiflora and Cryptomeria japonica, and natural forests typically
included broadleaf trees such as Castanea and Quercus serrata (Touge
etal., 2018). The burned area is dominated by Brown Forest soils (Obara
et al., 2011, 2015), equivalent to Haplic Cambisols in the World Refer-
ence Base, and is mainly underlied by hard chert and slate (Irasawa M.
et al., 2020). Annual average precipitation and temperature in Kamaishi
during the 1991-2020 period amounted to 1693 mm and 11.7 °C,
respectively (JMA, 2025). This region is prone to wildfires during dry
spring, and several large wildfires have occurred previously in the area
(e.g., April 1987 and April 2008) (Touge et al., 2018).

According to the airborne monitoring survey conducted in the Iwate
Prefecture late in 2012, the deposition density of *¥’Cs in the burned
area was below 10 kBq m? (measurement limit; Fig. 1b). Nonetheless, a
higher deposition density of *’Cs (10-50 kBq m?) was found close to the
investigated area, about 40 km to the southwest.

Two types of soil samples were collected in autumn in 2023 in the
zone located nearby Kamaishi City and affected by the wildfire of May
2017 (Fig. 1b—c).

2.2. Grab soil surface samples

Seven grab soil surface samples were collected on October 31, 2023
(Fig. 1c). Care was taken to collect the 0-2 cm uppermost soil material in
areas connected to the drainage network using a plastic trowel. To this
end, the surface scarce vegetation cover was carefully removed with a
scraping plate to define the ‘0O-cm’ level, and the uppermost 2-cm layer
of the soil was collected after marking out the exact area and depth to be
collected with the plate and a measuring tape. In total, 5 to 10 sub-
samples of ca. 10 g were collected within a radius of 5 m and well-mixed
in a plastic bag. Samples were collected to characterize both surface
material (i.e., soil in forested areas before the fire; n = 3) vs. subsurface
material (i.e., soil from rills and gullies incising the hillslope down to
more than 5 cm depth; n = 2) that may supply sediment transiting flow
concentration pathways across the hillslopes. Such sediment was
collected (n = 2) in a flow concentration pathway draining the potential
sources.

2.3. Depth-incremented soil profiles

The fire severity map produced by Emang et al. (2019) and relying
on a field survey and the detection of changes in Normalized Difference
Vegetation Index (NDVI) due to the 2017 wildfire was used to select the
sampling locations of the current research. Three pits were dug with a
shovel on November 1, 2023 to collect depth-incremented soil profiles in
an area affected by the 2017 wildfire (n = 1) and in an unaffected zone
(n = 2) (Fig. 1¢). Then, 5 cm-increment samples were taken down to a
depth of 15-20 cm. Such 5-cm depth increments were also collected in
the soil pits investigated under forests all across Japan in the framework
of the National Forest Soil Carbon Inventory (NFSCI) project (Ito et al.,
2020). Along each profile, soil bulk density was determined with the
entire oven-dry mass of successive soil core samples collected every
5-cm increments divided by the volume of the coring device.

2.4. Gamma spectrometry analyses

Samples were oven-dried for 48 h at 50 °C and sieved to 2 mm. They
were then prepared in 60 mL polyethylene containers and analysed for
24-48 h using low-background planar-type hyperpure Germanium
gamma spectrometry detectors to allow the detection of traces of '3*Cs
along with that of the more abundant '*’Cs. Activities in 1*’Cs were
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determined using the characteristic emission peak at 662 keV, while for
134Cs they were calculated as the mean of activities measured at both
604 and 795 keV. For 219Pb, activities, they were calculated by sub-
tracting the supported activity (determined by using two 2?Ra daugh-
ters including 2'*Pb activities [through the average count number at
295.2 and 351.9 keV] and 2l4p; activity [609.3 keV]) from the total
219}, activity measured at 46.5 keV. All activities were decay-corrected
to the sampling date (i.e., October 31, 2023 or November 1, 2023).
Quality assurance was carried out through the analysis of certified In-
ternational Atomic Energy Agency (IAEA) reference materials (e.g.,
IAEA-444, IAEA-375) analysed in the same conditions as the samples
investigated in the current research.

2.5. Estimation of post-accidental radiocesium deposition

To estimate the initial fallout at the time of FDNPP accident, radio-
cesium activities in samples were also decay-corrected to March 15,
2011 (i.e. period of estimated maximum radioactive fallout on land in
Northeastern Japan).

Radionuclide inventories (I; Bq m’z) were then calculated for each
profile following Eq. (1).

n
I= ZA*BD*lOOO*0.0S (€8]
k=0

Where n is the number of successive 0.05 m depth increments of the
profile; A is the fallout radionuclide activity in Bq kg~ and BD is the
bulk density in g cm 3.

These inventory values were compared to the maps available from
airborne surveys and the literature (Ito et al., 2020; Kato et al., 2019).

3. Results and discussion
3.1. Fallout radionuclide activities in grab soil samples

At the time of sampling, all the samples collected showed significant
activities in 210Pbxs and ¥7Cs (Fi g. 2), although 134cs activities remained
below the detection limits (<0.5 Bq kg 1) in all samples except in one
sediment sample collected in the flow concentration pathway (0.6 Bq
kg™!). Furthermore, %7Cs activities appeared to be much higher in
surface material (range: 1.7 + 0.3-29.6 + 1.0 Bq kg™!) compared to
subsurface material (range: below detection limit — 1.6 + 0.4 Bq kg™ 1),
the activities found in sediment lying between those found in both po-
tential source types (range: 3.2 = 0.2-10.3 + 0.7 Bq kg 1). Accordingly,
137Cs activities may potentially be used as a tracer to quantify surface vs.
subsurface source contributions to sediment, even in such a disturbed
environment after a wildfire. The virtual absence of '3*Cs in the samples
may be due to the low quantities of this radioisotope deposited in the
region after Fukushima accident, or to its rapid erosion and transfer to
lower locations since the deposition period, as erosion is known to be
accelerated in burned areas following wildfires (Wilkinson et al., 2009).
It is also known that most (>86 %) of 134cs was concentrated in the
uppermost 2 cm of the soil following the accident (Kato et al., 2012;
Lepage et al., 2014), which made it particularly exposed to potential
erosion.

In contrast, 21%Pby activities were found in all samples (range: 10 +
3.9-72 + 5.5 Bq kg™ 1), without clear differences related to the sample
type. This result is likely due to continuous supply of this radionuclide
through rainfall, as 210p}, js a natural radionuclide, which contrasts from
the situation observed for '*’Cs in Japan, which was only supplied
following atmospheric nuclear bomb testing in the 1960s and FDNPP
accident in 2011 (Ito et al., 2020).

3.2. Fallout radionuclide activities in soil depth profiles

The three fallout radionuclides of interest (134Cs, 137Cs, 210Pbxs) were
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Fig. 2. Fallout radionuclide activities and range decay-corrected to the sam-
pling date of grab soil samples and sediment collected across a burned hillslope
of Kamaishi, Japan.

all detected in the three collected profiles. Among them, 34Cs was only
detected in the uppermost depth increment (0-5 cm), with activities
ranging from 2.0 + 0.4 Bqkg ! to 3.2 + 0.6 Bq kg . A clear decrease in
activities with depth was observed for the other radionuclides. First,
137Cs showed the highest activities in the uppermost depth increment
(range: 126 + 2.2174 + 2.2 Bq kg™!) compared to those observed at
higher depths. Of note, '*’Cs was detected between 10 and 15 cm
depths, although in much lower activities (range: 7 + 0.6-28 + 0.9 Bq
kg’l). Similar findings were obtained for 210Pbxs, with the highest ac-
tivities measured between 0 and 5 cm depth (range: 134 + 7.2 - 257 +
9.9 Bq kg 1) and much lower values were found between 10 and 15 cm
depth (range: <9.0-47 + 5.0 Bq kg™1). This type of profile showing a
continuous decrease of '*’Cs concentrations with depth is widely
observed in the literature (Jagercikova et al., 2014).

The higher variability observed for 2°Pb,s compared to *’Cs may
reflect higher concentration of 21°Pby in surface vegetation and litter as
well as the variability of fallout due to heterogeneities in rainfall and
vegetation cover (Smith et al., 2012). Interestingly and for all radionu-
clides investigated, higher values were measured in the profile collected
in the burned area compared to those sampled in unaffected areas. This
was also observed in studies investigating fallout radionuclides in
burned areas of Australia and Spain, given all the radionuclides inter-
cepted by the vegetation are concentrated and incorporated in the ash
produced by the wildfire (Garcia-Comendador et al., 2017; Smith et al.,
2012). The variability of fallout radionuclide inventories in soils under
forests was also documented in Japan although not in post-wildfire
conditions, with coefficients of variability of 5-48 % for *’Cs and
14-51 % for 2'%Pb,, observed for a site of Shikoku Island (Wakiyama
et al.,, 2010). Such a high variability of 210PbxS activities that are
continuously supplied to the soils was also found in a study comparing
radionuclides along contrasted soil profiles collected in long term ex-
periments around the world, and it demonstrated the occurrence of
higher activities in the litter layer than in the organo-mineral horizons
(de Tombeur et al., 2020). Furthermore, as the occurrence of a linear
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relationship has been found between 2'°Pb annual deposits and the
annual amount of rainfall (Baskaran, 2011) and as rainfall is known to
show strong spatial heterogeneities in mountainous environments
(Laceby et al., 2016) as in the study area, this factor can also explain the
higher variability observed for 21°Pby.

As the analyses conducted in the framework of the current research
were conducted 6 years after the event, it is also possible that some post-
fire disturbances associated with rainfall, overland flow or wind took
place before sampling was achieved, which may have increased the
variability of radionuclide activities along the profile. For instance,
Garcia-Comendador et al. (2017) demonstrated the dominant impact of
the first rainfall events that occur after the wildfire on soil erosion and
associated radionuclide transfers.

3.3. Estimation of post-accidental radiocesium deposition

When they are decay-corrected to the main fallout period estimated
to have taken place after FDNPP accident (i.e., March 15, 2011), 134
activities detected in the uppermost layers of the soil profiles range
between 150 and 226 Bq kg™, which corresponds to 64-98 % of the
137Cs activities detected in the same layers. It can therefore be inferred
that most of the radiocesium detected in soils of the region was supplied
by FDNPP accident rather than by the atmospheric nuclear bomb testing
in the 1960s. This is consistent with the analysis of samples collected in
agricultural land between 2007 and 2010 in Fukushima Prefecture
located in the Tohoku Region of Japan, which showed that only 3.1-5.0
Bq kg ! of ¥Cs was found in these soils before the additional inputs
related to the accident (Jaegler et al., 2019).

In terms of radionuclide inventories (Fig. 3), at the time of sampling,
137Cs inventories in both unburned profiles amounted to 6.0-6.5 kBq
m~2, while the corresponding inventory was higher in the burned profile
(7.5 kBq m~2), which was expected as it includes the fallout incorpo-
rated in above-ground vegetation and reduced into ash due to the
wildfire. A similar finding is made for 210pp,, o inventories (as it was
similar in both unburned profiles — 6.2 to 6.8 kBq m~2 — while higher in
the burned profile with 10.7 kBq m~2) (Smith et al., 2012). When
decay-correcting 13*Cs inventories to the initial FDNPP fallout period (i.
e., March 15, 2011), values comprised between 3.1 and 5.6 kBq m 2 are
found for the three profiles, representing 37-64 % of the total radio-
cesium profile inventories, which remains consistent with the interpre-
tation made based on radionuclide activities. The values found in the
current research are also close to those reported by Tagami et al. (2019)
who found 3.6 kBq m~2 of '¥Cs by 2019 at Akita City located at a
similar latitude as Kamaishi, in Japan.

Although the '%7Cs initial fallout map reconstruction made by Kato
et al. (2019) does not cover Iwate Prefecture, it does include the nearby
Miyagi Prefecture. In the part of Miyagi Prefecture located the closest to
the current study site, a fallout ‘hotspot’ with values comprised between
5 and 10 kBq m~2is predicted, which is consistent with the values found
in the current research (~8 kBq m~2 of 1¥7Cs by March 2011). These
values > 5 kBq m~2 exceed significantly those predicted for global
fallout in this region by Ito et al. (2020). Accordingly, the occurrence of
significant Fukushima-related fallout in 2011, roughly of the same order
of magnitude as the global fallout associated with the nuclear atmo-
spheric tests that took mainly place in the 1960s, therefore requires to be
considered when interpreting radionuclide data in environmental sam-
ples collected during the last 15 years in Northeastern Japan.

4. Conclusions

To the best of our knowledge, the current research showed for the
first time the occurrence of FDNPP accident-related radiocesium depo-
sition in soils of Iwate Prefecture (Tohoku Region, Northeastern Japan).
Furthermore, it demonstrated through the detection of traces of 134Cs
that may only have been supplied to the environment in Japan by
FDNPP accident during the 21st century that this event supplied at least
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as much radiocesium as global fallout associated with the nuclear at-
mospheric tests to the soils of the region. Although the sample number
does not capture the full spatial heterogeneity of fallout across the re-
gion, it is sufficient to demonstrate the presence, magnitude and vertical
distribution of Fukushima-derived radiocesium. This finding is impor-
tant for future research relying on artificial fallout radionuclides as
chronological markers in the region such as those establishing age
models of sediment archives based on radionuclide depth profiles. As for
the use of radionuclides as tracers of sediment source contributions
across landscapes in this part of Northeastern Japan, our results con-
firming the enrichment of surface sources in '3’Cs vs. the depletion of
subsoil sources in 13’Cs show that this radionuclide may provide a useful
marker to distinguish these sediment source contributions, even in post-
wildfire conditions. Nevertheless, the fact that a significant proportion
of the radiocesium detected nowadays in soils of this region was sup-
plied by FDNPP accident should be considered when interpreting the
results in terms of process dynamics with time. In the near future, soil
samples that may be useful for environmental research conducted in the
region could be analysed for 1**Cs as long as it remains detectable (i.e.
by 2031) to facilitate future interpretations that will be more complex
when !¥7Cs alone will be measurable.
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