o
OPEN a ACCESS Universitit Augsburg
OPUS AUGSBURG w h Universititsbibliothek

Impacts of farmland decontamination on 137Cs
transfers in rivers after Fukushima nuclear
accident: evidence from a retrospective sediment
core study

Thomas Chalaux-Clergue, Anthony Foucher, Pierre-Alexis Chaboche,
Seiji Hayashi, Hideki Tsuji, Yoshifumi Wakiyama, Sylvain Huon,
Rosalie Vandromme, Olivier Cerdan, Atsushi Nakao, Olivier Evrard

Angaben zur Veroffentlichung / Publication details:

Chalaux-Clergue, Thomas, Anthony Foucher, Pierre-Alexis Chaboche, Seiji
Hayashi, Hideki Tsuji, Yoshifumi Wakiyama, Sylvain Huon, et al. 2024. “Impacts of
farmland decontamination on 137Cs transfers in rivers after Fukushima nuclear
accident: evidence from a retrospective sediment core study.” Science of The
Total Environment 947: 174546. https://doi.org/10.1016/j.scitotenv.2024.174546.

Nutzungsbedingungen / Terms of use: CCBY 4.0

Dieses Dokument wird unter folgenden Bedingungen zur Verfiigung gestellt: / This document is made available under

these conditions: @
CC-BY 4.0: Creative Commons: Namensnennung o

Weitere Informationen finden Sie unter: / For more information see:
https://creativecommons.org/licenses/by/4.0/deed.de


https://doi.org/10.1016/j.scitotenv.2024.174546
https://creativecommons.org/licenses/by/4.0/deed.de

Science of the Total Environment 947 (2024) 174546

Contents lists available at ScienceDirect

Science orre
Total Eny

vironment

Science of the Total Environment

ELSEVIER journal homepage: www.elsevier.com/locate/scitotenv

Check for

Impacts of farmland decontamination on 1%”Cs transfers in rivers after o
Fukushima nuclear accident: Evidence from a retrospective sediment
core study

Thomas Chalaux-Clergue ™", Anthony Foucher ?, Pierre-Alexis Chaboche *¢, Seiji Hayashi‘,
Hideki Tsuji ¢, Yoshifumi Wakiyama “, Sylvain Huon °, Rosalie Vandromme !, Olivier Cerdan’,
Atsushi Nakao ¢, Olivier Evrard "

@ Laboratoire des Sciences du Climat et de I’Environnement (LSCE-IPSL), Université Paris-Saclay, UMR 8212 (CEA-CNRS-UVSQ), Gif-sur-Yvette 91190, France

Y International Research Fellow of Japan Society for the Promotion of Science, Postdoctoral Fellowships for Research in Japan (Standard), Japan

¢ Institute of Environmental Radioactivity (IER), University of Fukushima, Fukushima, Japan

4 National Institute for Environmental Science (NIES), Fukushima Branch, 10-2 Fukasaku, Miharu, Tamura, Fukushima 963-7700, Japan

€ Sorbonne Universités UPMC Université Paris 06, Institut d’Ecologie et des Sciences de I’Environnement de Paris (iEES), case 120, 4 place Jussieu, Paris cedex 05 75252,
France

f Risk and Prevention Division, Bureau de Recherches Géologiques et Minieres (BRGM), Orléans F-45060, France

8 Graduate School of Life and Environmental Sciences, Kyoto Prefectural University, Shimogamo, Hangi, Sakyo-ku, Kyoto 606-8522, Japan

HIGHLIGHTS GRAPHICAL ABSTRACT

e A sediment core draining a Fukushima
fallout-affected catchment was
Fukuchima Daiichi

analysed. Nuclear Power Plant accident Abandonment Decontamination Abandonment

i 3 3 Al r N r 2l

e Farmland decontamination impact on

particle-bound  '*’Cs  transfer ~was
reconstructed.

e Sediment origin was determined using

/ removal addition

P
he

sediment source fingerprinting .' .
techniques. =

e Forests act as a stable and long-term wve o v & ®
source of '3’Cs-contaminated sediment. P—— - - o m e -

e Farmland decontamination and 5-years
abandonment resulted in equivalent
137Cs fluxes.

Mass . major increase
Accumulation of erosion /
Rate -

2611 3 years 4 yéars 5 yéars 6 yéars 8 yéars
Time after the accident

Erosion event sediment
characteristics

ARTICLE INFO ABSTRACT

Editor: Ashantha Goonetilleke Following the Fukushima Daiichi Nuclear Power Plant disaster in March 2011, the Japanese government initi-
ated an unprecedented decontamination programme to remediate *3Cs-contaminated soils and allow population
return. This programme involved the removal of topsoil under farmland and residential land, and its replacement
with “fresh soil” composed of granitic saprolite. However, decontamination was limited to these two land uses,
without remediating forests, which cover 70 % of the surface area in the affected region. In this unprecedented
context, the specific impact of this unique decontamination programme on '¥’Cs transfers in river systems re-
mains to be quantified at the catchment scale. In this study, based on the analysis of a sediment core collected in
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June 2021 in the Mano Dam reservoir draining a decontaminated catchment, the effects of soil decontamination
on particle-bound '*’Cs dynamics and sediment source contributions in response to a succession of extreme
precipitation events were retrospectively assessed. The sequence of sediment layer deposition and its chronology
were reconstructed through the analysis of several diagnostic properties (organic matter, elemental geochem-
istry, visible colourimetry, granulometry) and contextual information. During abandonment (2011-2016),
cropland contribution decreased (31 %). Concurrently, 37Cs activity and deposition flux decreased (19 and
29 % year~!, respectively). Following decontamination (2017), sediment transfer increased (270 %) in response
to increased contributions from decontaminated cropland and “fresh soil” (625 % and 180 % respectively).
Meanwhile, forest contributions remained stable. In contrast, '3’Cs activity dropped (65 %), although '%7Cs
deposition flux remained constant. Forests acted as a stable source of '3 Cs. Accordingly, !*”Cs deposition flux
after decontamination (2016-2021) was similar to that observed during the 5-years period of land abandonment
(2011-2016), as a result of the regrowth of spontaneous vegetation over farmland, protecting soil against
erosion. Future research should further investigate the impact of longer land abandonment that prevailed in

some regions decontaminated lately on the 37Cs fluxes in the rivers.

1. Introduction

The nuclear accident at the Fukushima Daiichi Nuclear Power Plant
(FDNPP) that occurred in March 2011 released a substantial amount of
radionuclides into the environment (Morino et al., 2013), of which
about 20 % deposited over continental land (Onda et al., 2020). Of all
the radionuclides released, '*”Cs is particularly problematic in terms of
short and long term environmental and human health impacts due to its
relatively long half-life (T;/3) of 30 years and the large amounts of this
substance that were released, with about 13 PBq (Chino et al., 2011;
Kobayashi et al., 2013; Steinhauser, 2014). Most of the '¥7Cs that
deposited onto terrestrial environments (2.7 PBq) has accumulated in
the Fukushima Prefecture (2.0 PBq) (Kato et al., 2019; Taniguchi et al.,
2019). About 83 % of the surface area in this Prefecture (i.e.
11,430 km?) has received at least 5 kBqm~2, and 26 % (i.e. 3,520 km?)
has received at least 100 kBqm~2 (Kato et al., 2019). The inhabitants
living within a 20-km radius around FDNPP (Evacuation Zone) and
those who were exposed to a radioactive dose rate exceeding
20mSvyr~! in 2011 (Planned Evacuation Zone) were evacuated in
priority. A total of eleven municipalities, with a population of about
80,000 people and covering an area of 1,150 km?, were under an
evacuation order and classified as Residence Restriction Area. According
to the decontamination programme, these municipalities were then
classified as Special Decontamination Zone (SDZ) or Difficult-to-Return
Zone (DTRZ) depending on local ambient dose rates (MoE, 2018;
Taniguchi et al., 2019; Evrard et al., 2019b).

Once deposited onto the ground, !'%7Cs is strongly and quasi-
permanently bound to fine soil particles such as silt and clay (Sawh-
ney, 1972; He and Walling, 1996), which has been confirmed in
Fukushima Prefecture soils (Saito et al., 2014; Nakao et al., 2014, 2015).
Consequently, 90-99 % of fallout radiocesium was found to be accu-
mulated in the uppermost 5 cm of undisturbed soils (Kato et al., 2012;
Lepage et al., 2015). In addition, in relation to '¥”Cs behaviour in soil,
the transfer from soil to plant was found to be limited in annual or
perennial herbs and trees (Yamashita et al., 2014; Tamaoki et al., 2016;
Onda et al., 2020), so that the nearly all of 13Cs deposited onto the
ground remained in the soil. Within the Fukushima Prefecture, 74 % of
the 1%7Cs deposition occurred over forests and 19 % over farmland
(paddy fields and other farmland) (Kato et al., 2019). To enable a rapid
return of the population and the resumption of agricultural activities,
the Japanese government carried out extensive decontamination in
farmland, urban areas and within a 20-m buffer zone in forests around
residential areas and along roads (MoE, 2015; Evrard et al., 2020). In the
SDZ, by March 2017, decontamination was conducted on 410 km? (36 %
of the SDZ area), of which 21 % was under farmland (about 87 km2>

(MoE, 2023a, in Japanese).
In farmland, the decontamination procedure depended on the initial
137 s activity in soils (MoE, 2013, 2015, 2018). On the one hand, in soils

with 137Cs activities below 5 kBq kg™', inversion tillage of a layer of
about 30 to 45 cm depth was carried out. On the other hand, in soils with
activities exceeding 5 kBq kg, decontamination consisted of four steps:
(1) the removal of the upper 5 cm layer of soil, (2) the addition of a
granite saprolite extracted from local quarries opened for this purpose to
replace the removed soil (55.5m® per 1.000 m?). The Japanese au-
thorities refer to this material as “fresh soil”. Then, to prepare the return
of farmers, (3) soil fertility was restored with two types of amendments
applied: (a) carbonate (as needed) and phosphorus silicate (about
0.8 t ha 1) or (b) zeolite amendment (about 0.5 t ha™ ). Finally, the soil
was (4) prepared for recultivation by mixing the saprolite layer and soil
productivity recovery materials with the underlying residual soil layer
through a double ploughing down to a depth of about 25 to 30 cm.
Accordingly, decontamination comprised three main phrases: decon-
tamination (step 1), remediation (step 2) and preparation for reculti-
vation (steps 3 and 4).

Soil decontamination proved to be effective in reducing radioactive
ambient air dose rates, from 20 to 70 % compared to the initial situation
in 2011 (MoE, 2018; Onda et al., 2020), along with a decrease of indi-
vidual exposure levels (Tsubokura et al., 2019). Soil decontamination in
the Fukushima Prefecture (including residential areas, farmland, forest
and roads) by March 2020 generated 6.7 million m® of removed soil
(MoE, 2023b). In parallel to decontamination, a decrease of particle-
bound '¥’Cs transported by rivers was observed year after year and
was attributed to physical decay, previous erosion and the progress of
decontamination (Evrard et al., 2016; Osawa et al., 2018; Konoplev
et al., 2018; Vandromme et al., 2023). Indeed, particulate-bound 3’ Cs
accounted for a large portion (82 to 99 %) of 37Cs transfer by water
erosion during rainfall events (Yamashiki et al., 2014; Sakaguchi et al.,
2015; Iwagami et al.,, 2017; Osawa et al., 2018). The maximum of
particulate-bound 37 Cs contribution was found in the fine material such
as the silt-sized fraction (3-63 ym) (Sakaguchi et al., 2015). The primary
sources of particle-bound '%’Cs were shown to be paddy fields, other
farmland types and urban areas despite their low relative landscape
cover (Chartin et al., 2013; Lepage et al., 2016; Taniguchi et al., 2019).
This disproportionate contribution was related to their very strong
hydro-sedimentary connectivity, especially for paddy fields and their
irrigation/drainage systems that connect them directly to the river
networks (Chartin et al., 2013). In addition, as decontamination left the
soil uncovered by vegetation and included the spreading of non-
aggregated fresh soil, decontamination exacerbated soil erodibility
(Wakahara et al., 2014; Evrard et al.,, 2019a; Feng et al., 2022).
Accordingly, an increase in soil erosion was observed in 2015 in the
Niida and Mano River catchments, and contribution of sediment origi-
nating from subsoil or fresh soil sources strongly increased compared to
what was observed in previous years. Evrard et al. (2019b) found that an
increase in the relative sediment contribution from subsoil from about
20 to 50 % after decontamination. However, spontaneous vegetation
regrowth following abandonment or after decontamination led to a
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rapid recovery of the soil protection against erosion (Lal, 2001; Zuazo
and Pleguezuelo, 2009), thereby reducing the contribution of farmland
to sediment and particle bound-!%”Cs transfers (Feng et al., 2022).

This soil protection by vegetation is particularly important, as trop-
ical cyclones and typhoons were shown to generate heavy rainfall and
extensive erosion each year all across Japan. Despite its location in
Northern Japan less exposed to typhoons than southern regions,
Fukushima Prefecture has been hit by at least one typhoon or tropical
storm each year since the FDNPP accident (Laceby et al., 2016a; Evrard
et al., 2020). These extreme events, which generate about 60 % of the
annual rainfall and 86 % of the annual rainfall erosivity in the steep
geomorphological context of the mountainous catchment of the
Fukushima region (Laceby et al., 2016a) have been identified as the
main driver of sediment and hence particle-bound %7 Cs transfer across
basins (Kitamura et al., 2016; Chartin et al., 2017; Evrard et al., 2020).
The timing of decontamination is therefore crucial, as typhoons may
occur when soils are left bare for remediation and are therefore partic-
ularly exposed to erosion, which can lead to significant transfers of soil
and particle-bound radiocesium.

However, the overall pluriannual impact of decontamination on the
transfers of radiocesium in river systems remains uncertain, as nearly 70
% of the area of Fukushima Prefecture is covered by forests (Hashimoto
et al., 2012) and have not been decontaminated, although they account
for 74 % of '37Cs deposition (Kato et al., 2019). They have also been
shown to contribute a significant proportion of contaminated material to
the river systems (Laceby et al., 2016b; Huon et al., 2018; Evrard et al.,
2019a). In addition, these results showed that forests may provide a
potential long-term source of particulate contaminated matter (Evrard
et al., 2019b).

To reconstruct the long-term impact of major landscape changes on
sediment transfer in catchments, sediment core collection and analysis
provide an effective approach (Foucher et al., 2023). In reservoir dams
located at the outlet of catchments and under steady-state conditions,
when incoming and outgoing water volumes are monitored and
managed to maintain a constant lake water level, grain size sorting and
sediment deposition occur along the former river course (Wetzel, 2001).
As the reservoir widens, downstream at the transition from a riverine to
a lacustrine environment, the velocity of the water decreases, allowing
suspended particles to settle down. In this lacustrine zone upstream of
the dam, sediment deposition is similar to that of natural lakes. Away
from the reservoir inlet, mainly fine particles settle down, resulting in
homogeneous, continuous, and well-organised sediment deposits. In the
area affected by the Fukushima accident, such a typical deposition
pattern could be identified by the observation of a single well-defined
radiocesium peak (Huon et al., 2018; Konoplev et al., 2022). Howev-
er, during extreme precipitation events, dam operators proceed to water
releases to prevent, to maintain or to restore water level in the reservoir.
These changes in water discharge volumes could increase the velocity of
the water flow within the reservoir, which affects the sediment deposi-
tion pattern. Resulting in further downstream transport and deposition
of coarser particles further in the lacustrine zone and even limiting the
efficiency of sediment trapping by the reservoir. Huon et al. (2018)
identified this pattern within the Mano Dam reservoir by studying four
sediment cores collected at up-, mid- and downstream locations. During
extreme precipitation events, coarser particles that usually deposit in the
upper part of the reservoir were observed in the midstream sediment
core. Further downstream, slighter changes were observed compared to
those observed midstream with slightly coarser particle size distribution
(higher D50), likely due to the long extension of the reservoir.
Furthermore, changes in the respective contributions from cropland,
forest and subsoil as sources of sediment were estimated along the
sediment cores. However, sampling of these sediment cores took place in
November 2014, on the onset of decontamination activities in the area,
initiated on June 2014.

In this study, a new sediment core sampled in the downstream part of
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the Mano Dam reservoir was examined. This reservoir drains an early
decontaminated agricultural catchment in the Fukushima Prefecture.
This sediment core was investigated to reconstruct for the first time the
impact of decontamination on sediment and radiocesium transfers
through the river system. A combination of analyses of Mano Dam
reservoir sediment core properties and ancillary data were used to (i)
identify and date the sequence of sedimentary deposits associated with
the occurrence of extreme precipitation events during the 2011-2021
period. Based on this reconstruction, (ii) the temporal evolution of 137 Cs
activity, 1%7Cs deposition flux, and sedimentary sources among three
potential sources were determined to quantify the impact of these un-
precedented landscape changes. Results of the lessons learnt in
Fukushima are then discussed to guide the implementation of land
management in the event of a major widespread pollution event that
may occur in the future.

2. Materials and methods

2.1. Study site

Mano Dam reservoir (1.4 km? ; 37.68887-37.76166°N,
140.66671-140.84290°E), also known as Hayama Lake, is located in
Fukushima Prefecture in Northeastern Japan (Tohoku Region). The

catchment of Mano Dam reservoir (67 km2> corresponds to the moun-

tainous upper part of the Mano River drainage area, and its elevation
ranges from 170 m to 694 m above sea level. It is a typical mountainous
agricultural catchment of the eastern part of Fukushima Prefecture,
mainly dominated by forests (90 %). Due to its steep topography,
farmland (i.e. cropland, grassland and paddy fields - 7 %) is concen-
trated in the valley bottoms (Fig. 1.a). Farmland in general and paddy
fields in particular are strongly connected to river networks through
irrigation systems, which results in their high hydro-sedimentary con-
nectivity with river networks Chartin et al. (2017). Built-up areas cover
less than 1 % of the catchment surface area.

The catchment is located in a Dfa cold climate with no dry season and
hot summer according to Koppen’s climatic classification (Beck et al.,
2018). The regional hydrological year runs from November to October
(Laceby et al., 2016a; Whitaker et al., 2022). Over the last 30-years
period (1991-2021), the mean annual temperature was 13.4+
0.5'Cy~! (standard deviation = SD), ranging on average from —1.5 +
0.9°C to 30.5 + 2.1°C in January and August, respectively. Annual pre-
cipitation amounted to 1207 4+ 216 mm y~! (SD). Most of the precipi-
tation occurs between June and October, corresponding to 60 % of the
annual precipitation and 86 % of the rainfall erosivity (Laceby et al.,
2016a). This period corresponds to the Japanese typhoon season, with a
peak of intensity from July to September in Fukushima Prefecture. Daily
precipitation and maximum hourly precipitation records from four sta-
tions (Fukushima City, Hippo, litate, and Soma) of the Automated
Meteorological Data Acquisition System (AMeDAS) network located
within less than 20 km from the catchment boundaries (Fig. 1), were
downloaded from the Japan Meteorological Agency website (JMA,
2023, in Japanese). The downloaded records covered the period from 1
January 2006 to the date of the sediment core sampling (8 June 2021).
To identify typhoons and tropical storms, tracks of all tropical cyclones
from the Regional Specialized Meteorological Center (RSMC) Tokyo -
Typhoon Center (RSMC, 2023, 2024) were compared with local pre-
cipitation data, to identify those events that generated more than 60 and
100 mm of daily precipitation (Evrard et al., 2014). In addition, sus-
pended sediment concentrations recorded at two hydrological stations
located upstream of the Mano Dam reservoir were used (Hayashi et al.,
2023). Sediment concentrations were measured at the first station
(37.738391°N, 140.803943°E; Fig. 1) at 5-min intervals from June 2014
to September 2016, and at the second station (37.733191°N,
140.807709°E; Fig. 1) at 10-min intervals from January 2017 to
December 2019. Daily suspended sediment fluxes were calculated from
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Fig. 1. Mano Dam reservoir catchment map of the main (a) land uses over the 2014-2016 period, (b) geological, and (c) pedological types with the location of source
samples and sediment core sampling. Cartographic data from the Geospatial Information Authority of Japan (GSI), JAXA High-Resolution Land-Use and Lad-Cover

Map Products (ver. 18.03), and NARO).
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the instantaneous suspended sediment concentrations recorded by the
hydrological stations.

In addition, the daily water level and discharge of the Mano Dam
reservoir were downloaded from the Fukushima Prefecture website
(Fukushima Prefecture, in Japanese). According to the hydroelectric
plant operators, the water level of the dam was generally maintained
below 176 m, which results in more water discharge during extreme
precipitation events. These massive releases of water increase the flow of
water within the reservoir, which limits the potential for suspended
sediment to settle and therefore reduces the amount of sediment
deposited within the reservoir.

The catchment is mainly underlied by plutonic rocks (48 % in total,
with 31 % granite and 17 % granodiorite), non-alkaline mafic volcanic
rocks (42 %) and some sedimentary rocks (9 % in total, with 7 % marine
and non-marine sediments, < 1 % terrace and < 1 % fan deposits) and
few schists (about 1 %) (Fig. 1.b). According to the Comprehensive Soil
classification System of Japan (Obara et al. (2011, 2015), with the
equivalence of soil types given according to the World Reference Base
for Soil Resources (WRB)), the main soil types in the catchment are
Brown Forest Soils (37 % - WRB: Cambisols/Stagnosols) and Allophanic
Andosols (36 % - WRB: Silandic Andosols) and then Cambic Red-Yellow
Soils (9 % - WRB: Cambisols) and Lithosols (9 % - WRB: Leptosols)
(Fig. 1.c).

All maps and geographical processing were performed using the
QGIS software (QGIS Development Team, 2022).

2.2. Catchment management after FDNPP accident

The Mano Dam reservoir catchment is located in the northern part of
the litate village, which was evacuated in 2011 due to high exposure
dose rates exceeding 20 mSy per year at that time, in relation with high
137Cs activities in soils ranging from 80 to 1,200 kBq m~2 (Kato et al.,
2019). This part of the village of litate was submitted to a residential ban
from 17 July 2012 to 31 March 2017 (MoE, 2023, in Japanese).
Decontamination were carried out in the area from June 2014 to
December 2016 (MoE, 2018). The daily progress of decontamination
during this period was reconstructed using records of plot decontami-
nation dates provided by the Japanese Ministry of the Environment
(MoE). However, despite this evacuation order, the main land use pro-
portions classified by satellite remained relatively stable during this
period extended from 2006 to 2020 (JAXA, 2016, 2018, 2022), as the
catchment is dominated by forest, and cropland was maintained during
the evacuation to prevent the development of trees prior to
decontamination.

2.3. Sediment core and soil sampling and processing

The sediment core was sampled using a gravity corer on 8 June 2021
in the downstream part of Mano Dam reservoir (37.72167°N,
140.83056°E) (Fig. 1) 142 m below water level by the National Institute
of Environmental Studies (Japan). The Mano Dam downstream core
(IGSN: 10.58052/IETGCO0WU) was 38 cm in length with a diameter of
11 cm and was sectioned into 38 layers with depth increments of 1 cm.
Sediment core samples were dried at 40°C for 96 h. Soil samples (n = 68)
were collected in areas representative of the main potential sediment
sources according to multiple previous fieldwork campaigns, literature
review and stakeholder consultations (Evrard et al., 2015). They were
collected as part of Laceby et al. (2016b) study and included 24 unde-
contaminated cropland, 10 remediated cropland, 24 forest and 10 sub-
soil (i.e. channel bank or landslide) samples. Soils were sampled with a
plastic trowel and consisted of a composite of 10 sub-samples of topsoil
(1-2 cm). All soil samples were dried at 40 °C for about 48 h and then
successively sieved to 2000 ym to remove coarse material, and then to
63 um to isolate the fraction bearing most of the '3’ Cs (i.e. silt and clay)
and to minimise the effect of grain size sorting along the transport
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pathway (Walling et al., 2000).

2.4. Laboratory analysis

A set of properties was measured on soil and sediment samples:
radiocesium activity by gamma spectrometry (***Cs and !37Cs), organic
matter composition determined by the combustion method coupled with
an isotope ratio mass spectrometer (i.e. total organic carbon (TOC), total
nitrogen (TN), 5'3C stable isotope ratio), elemental geochemistry ana-
lysed by X-ray fluorescence (ED-XRF) for 17 elements (i.e. Al, Ca, Co, Cr,
Cu, Fe, K, Mg, Mn, Ni, Pb, Rb, Si, Sr, Ti, Zn and Zr), visible colourimetry
indices by diffuse reflectance (i.e. CIE Lab, CIE LCh), goethite peaks
intensity at 445 and 525 nm (Debret et al., 2011), the 700 nm and
400 nm diffuse reflectance ratio (Q7/4; Debret et al. (2011)) and iron
oxide-associated parameters derived from the remission function (A1,
A2, A3 and Gt; Tiecher et al. (2015)). In addition, bulk density and
particle size (grain size frequency, D10, D50, D90) by laser diffraction
were measured in all sediment core samples. All analytical methods and
calculations are described in the Supplementary Materials A.

2.5. Sediment source fingerprinting

The sediment source fingerprinting technique was conducted
considering three potential sources: cropland, forest and subsoil. Subsoil
refers to underlying materials exposed along riverbanks or by deep rill or
gully erosion, especially under forests (Vandromme et al., 2023). As the
main underlying rock is plutonic (48 %, Fig. 1.b), most subsoil and fresh
soil originate from the same material (i.e. granite saprolite). In addition,
cropland underwent significant changes of properties during decon-
tamination. However, when comparing the source signatures of subsoil
and remediated cropland, virtually all properties showed the absence of
significant differences (i.e. 25 out of 26 with a p value > 0.01; Supple-
mentary Materials Table B2). Consequently, both sources were merged
as subsoil. Care was taken to adjust the interpretation of the source
contributions at the light of the progress of decontamination during the
different stages of remediation.

2.5.1. Tracer selection

The selection of tracers was performed according to the conventional
three-step method (Mukundan et al., 2010; Sellier et al., 2020; Chalaux-
Clergue et al., 2024a). The first two steps correspond to the identifica-
tion of (1) conservative and (2) discriminant properties, subsequently
referred to as tracers. Conservative properties were identified with a
range test based on the hinge criterion - also referred to as interquartile
range (IQR) — (Batista et al., 2022)). To consider a property as conser-
vative, all sediment samples property values should lie within the range
defined by source criteria values. The range tests were run using the
range. tests function from the fingR package (Chalaux-Clergue and
Bizeul, 2023, ver. 1.1.1). Discriminant properties were identified with
the Kolmogorov-Smirnov two-samples test using the fingR::
discriminant.test function. As Kolmogorov-Smirnov is a sensitive
test, two sources were considered statistically different when the p value
was below a = 0.01. At least two sources must be statistically different
to consider the property as discriminant. Finally, (3) a discriminant
function analysis (DFA) forward stepwise selection based on Wilk’s
Lambda criterion was carried out on previously selected tracers (i.e.
conservative and discriminant properties) using the function fingR: :
stepwise.selection.

2.5.2. Virtual mixtures

Virtual mixtures were generated to assess modeling accuracy (Pal-
azon et al., 2015; Batista et al., 2022; Chalaux-Clergue et al., 2024a). A
total of 138 virtual mixtures were generated using fingR: : VM.builder
(contribution step = 0.05). Within the fingR: : VM.builder function,
the virtual mixture contributions were first designed on a scale from O to
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100 %, with 5 % increments corresponding to one source group
contribution. Then, the two other source groups contributions were
determined as fractions of the remaining contribution (i.e. 3/4 for
source 2 and 1/4 for source 3). Afterwards, permutations of this
contribution scale were determined, which generated a total of 138
unique combinations. Virtual mixture properties were determined as
simple proportional mixtures of source property signatures (i.e. mean
value). For each property, virtual mixture contributions were multiplied
with the source signature and then summed, which provided the virtual
mixture property value.

2.5.3. Un-mixing modeling

A multiple-modeling approach was followed to predict source con-
tributions. Multiple-modeling consists of predicting the same property
with independent models and then averaging their results. This
approach is common in other similar fields of research (Duan et al.,
2019; Bruni et al., 2022) and has shown an increase of the prediction
quality (Guo et al., 2007). Source contributions were predicted using
two common fingerprinting models: MixSIAR and the Bayesian Mean
Model (BMM). The MixSIAR model is a Bayesian mixing model, and it
was run with the MixSTIAR package (Stock et al., 2020, ver. 3.1.12) with
JAGS (Stock et al., 2022, ver. 4.3.1). The MixSIAR model was set with
the “long” Markov Chain Monte Carlo chain length option (i.e. chain
length = 300,000, burn-in = 200,000, thin = 100 and chain = 3) with a
process error structure. The BMM (Batista et al., 2019) is a bootstrapping
approach. It minimises the sum of square residuals of the mixing
equation for each iteration of a Monte Carlo simulation (n = 7500). The
model was constrained to ensure that source contributions were non-
negative (lower bound = 0.001) and that their sum equaled 1. Pre-
dicted contributions were then re-scaled to 100 % to be expressed as a
percentage. Each model convergence was determined by the Gelmand-
Rubin diagnosis using the stable.GR function from stableGR pack-
age (Knudson and Vats, 2022, ver. 1.2). None of the approaches had a
value greater than 1.06.

2.5.4. Accuracy assessment

Model prediction accuracy was assessed using the contributions
predicted for virtual mixtures. The prediction accuracy of each model
was evaluated based on different criteria (Chalaux-Clergue et al.,
2024a): uncertainty (prediction interval width (W50)), residual error/
bias (Mean error (ME)), performance (Squared Pearson correlation co-
efficient (r?)), root-mean-square error (RMSE), Nash-Sutcliffe modeling
efficiency coefficient (NSE) and continuous ranked probability score
(CRPS)). Statistics were calculated using fingR functions: eval.
groups (ME, r2, RMSE, NSE), interval .width (W50) and CRPS.

As shown in Chalaux-Clergue et al. (2024a), the comparison of the
range of predicted contributions obtained for virtual mixtures and those
contributions obtained for actual sediment samples appears to be rele-
vant to assess the transferability of model accuracy metrics calculated
with virtual mixtures to actual sediment samples. Indeed, virtual mix-
tures were generated as simple proportional mixtures of the mean
properties of each source tracer. This implies that these tracers showed a
strictly conservative behaviour. Therefore, as virtual mixtures were
generated to represent a wide range of potential combinations of source
contributions, varying from 0 to 100 % with 5-% increments, the range
of their predicted contributions was expected to define the minimum
and maximum of the possible predicted contributions. The occurrence of
predicted contributions of actual sediment samples outside of this range
implies the non-respect of some assumptions, such as the potential use of
non-fully-conservative tracers. To assess the transferability of the sta-
tistics calculated on virtual mixtures to actual sediment samples, the
Encompassed Sample Predictions (ESP) was calculated. This value was
calculated as the percentage of actual samples for which the predicted
contributions remained within the lowest and the highest predicted
contributions obtained for the virtual mixtures. When expressed as a
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percentage, ESP ranges from 0 to 100 %, the latter providing an optimal
value. Values close to 100 % indicate a higher transferability of
modeling evaluation statistics calculated on virtual mixture to actual
sediment samples. ESP values were calculated using fingR::ESP
function.

All processing, analyses and modeling were performed using the R
programming environment (R Core Team, 2022, ver. 4.2.2) within
RStudio (RStudio Team, 2023).

2.6. Identifying and dating sedimentation associated to extreme
precipitation events

In the Fukushima region, extreme events (i.e. typhoon, tropical
storm) that generate daily precipitation exceeding 60 to 100 mm (Evrard
et al., 2014), have been shown to generate significant 13’Cs transfers
(Chartin et al., 2013; Laceby et al., 2016a). Therefore, extreme precip-
itation events have been used as elementary time unit as they are
responsible of the majority of sediment transfers, and they took place
over short and precise periods of time. According to the study of Huon
et al. (2018) in which four sediment were sampled at up-, mid- and
downstream locations of the Mano Dam reservoir in November 2014,
extreme precipitation events were characterised by the initial deposition
of coarser organic-rich material followed by the gradual deposition of
finer mineral particles at the downstream location of the Mano reservoir.
According to the analysed properties (i.e. organic matter content,
element geochemistry, visible colourimetry and grain size), the initia-
tion of sediment deposition following an extreme event should be
indicated by higher D10, D50, D90, TOC values, and lower SSA, L*, b*,
Al, Si, Ti values, followed by a gradual shift towards the deposition of
finer mineral particles. Based on the tipping point of properties between
successive events, events can be identified.

The context of the Mano Dam reservoir catchment makes dating of
sedimentation events a challenging task. Over the past two decades, the
catchment has experienced extreme precipitation events with variable
total rainfall depths (from 110 to 396 mm (Evrard et al., 2019a)) and
different occurrence times during the year (from August to October) as
shown in other studies (Laceby et al., 2016a; Evrard et al., 2019a;
Vandromme et al., 2023). These differences likely significantly impact
sediment transfers across the catchment and associated sediment re-
cords in the lake (Evrard et al., 2016). Furthermore, rapid changes in
anthropogenic activities associated with decontamination have modi-
fied soil sensitivity to erosion and its composition (Feng et al., 2022;
Evrard et al., 2019b). Following the evacuation of the area in July 2011
and its reopening to the population in March 2017 (MoE, 2018), the
region remained devoid of human activity for 6 years and 9 months until
decontamination was carried out. Most of this remediation took place
between mid-October and December 2016, with 80 % of the remediated
area being decontaminated during this period (Vandromme et al.,
2023). Despite the reopening, the return of population and agricultural
activities remain limited (Asanuma-Brice et al., 2023), allowing for
natural vegetation to develop again after decontamination.

Accordingly, the identified events were dated by combining their
137 Cs activity distribution along the sediment core, and their comparison
with that found in previously studied sediment cores (Huon et al., 2018),
daily precipitation records and information on the progress of decon-
tamination. The identification and dating of successive events was done
within the Results section of the manuscript (Sec. 3.1.6 and 3.2.5) to
further calculate and understand calculation of the properties of the
events (1%7 activity and deposition flux per event, sediment transfer, and
source contribution per event) without discussing it. However, the
identification and dating were discussed within the Discussion section
(Sec. 4.1).
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2.7. Extreme events averaged properties

After identification of successive sedimentation events in the sedi-
ment core, the average !%’Cs activity and source contributions of the
entire extreme event were calculated. To do this, each sediment layer
and the total event density were taken into account using the following
formula:
ﬂi Z:‘:l’:_:

Xi with Pevent =
i1 Pevent Levent

Xevent = 1)

With p the density (gcm™3), t the layer thickness (cm), and X the
property value of, respectively, the sediment layer i or the event, with n
the number of sampling layers within the extreme event.

In addition, the Mass Accumulation Rate (MAR) for the core was
calculated for each identified extreme event (expressed in
gcm~2 event™1). The MAR was calculated as the product of each event
sedimentation accumulation rate (SAR, in cm event™!), corresponding to
the quantity of sediment transported per extreme event or in other terms
the event thickness in the core in cm, and the event bulk density (p,,,, in
gcm™3).

MARevent = SARevent “Pevent @

Using the predicted contributions of the potential sources, the
quantitative contribution of each source was calculated as the product of
relative contributions and MAR values. Finally, the % Cs deposition flux
per extreme event (in Bq m~2 event ™) was calculated, as the product of
the extreme event MAR and !¥Cs activity.

Fluxy = MAReventXevent 3
3. Results
3.1. Identifying sedimentation events
3.1.1. Sediment core description
The sediment core displayed a pattern of fine sediment deposition (in

average D50 = 23.4 + 12.8 ym (SD)), with alternating darker and ligh-
ter brown layers. About six darker layers were identified from 5.4 to
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28.7 cm depths, averaging 1.9 +0.9 cm (SD) of thickness (Fig. 2.a).
Notably, two layers exhibited coarse plant debris from leaves or litter,
just below a darker brown layer (i.e. at 10.1 and 13.8 cm). The unit
between 19.6 — 22.1 cm, which contains two dark layers, 19.6 — 20.3 cm
and 21.1 — 22.1 cm, appeared to be slightly disturbed as the layer was
locally diffuse and lightly irregular. This was likely the result of the
following extreme precipitation event. The most recent sediment, from
the top to 6/7 cm, was lighter brown and more yellow than the nearby
underlying sediments and closer to that of older sediments found below
28 cm. This was confirmed by their higher b* and L* values, about 16 %
and 9 %, than the mean values for sediment between 7 to 28 cm (i.e.
12.4 + 0.8 versus 10.7 + 0.9, and 49.7 + 0.9 versus 45.5 + 2.6, respec-
tively) (Fig. 2.a and b).

3.1.2. Radiocesium activities

The 34Cs/1%7Cs ratio from 22 cm to the top of the sediment core
remained within the range of 1.06 + 0.04 (SD) attributed to material
exposed to Fukushima fallout (Kobayashi et al., 2013) (Fig. 2.d).
Consequently, sediment layers above 22 cm were inferred to have
deposited after the FDNPP accident.

The depth distribution profile of 13 Cs was characterised by a distinct
peak of about 50 kBqkg™! at 17 — 18 cm depth (Fig. 2.e). Below this
peak, the 1¥Cs activity exponentially decreased until reaching a stable
level of about ten Bq kg ™" (i.e. from 7 to 19 Bq kg™ ") for layers deeper
than 32 cm, consistent with expected pre-accidental levels (Fukuyama
et al., 2010). Conversely, above this peak, from 14 to 11 cm, activities
rapidly decreased down to a plateau of about 13 + 0.5 kBq kg~ (SD).
Following this, a gradual decrease of activity was observed from 8 to
5 cm, with the 13Cs activity decreasing from 9.7 to 2.3 kBg kg ', then
reaching a lower plateau of about 2.2 + 0.2 kBq kg_1 (SD) from 5cm
depth to the top of the sediment core.

3.1.3. Elemental geochemistry

Among the geochemical elements analysed, Al, Si, and Ti showed
similar variations along the sediment core, with Ti showing lower var-
iations (Fig. 2.f, g, and h). Along the sediment core, four zones (i.e. 9-10,
12-14, 19-21, 25— 27 cm) were characterised by a decrease of con-
centrations in these elements, with reductions of 11 %, 13 %, and 5 %,
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Fig. 2. Mano Dam reservoir (a) sediment core log and analysed properties, from left to right: colour indices: (b) L* and (c) b*, (d) 134Cs/*37Cs ratio decay-corrected to
11 March 2011 along with the 1.06 + 0.04 (standard deviation) range attributed to material exposed to Fukushima fallout (blue area) (Kobayashi et al., 2013), (e)
137Cs activity, elemental geochemistry of: (f) Al, (g) Si, (h) Ti, (i) total organic carbon (TOC) content, and granulometry: (j) frequency of grain size from 0.1 to
2500 ym along with the D10, D50 and D90 (white dashed lines) and (k) specific surface area (SSA), and (1) identified extreme precipitation events. Measurement

uncertainties are displayed as a grey ribbon.



T. Chalaux-Clergue et al.

respectively, compared to the surrounding layers. Furthermore, the most
recently deposited sediments, from 5 cm depth to the top of the core,
showed marked increases in Al and Ti concentrations, by 15 % and 17 %,
respectively, compared to previously deposited sediments (Fig. 2.g and
h).

3.1.4. Organic matter

The TOC content varied along the sediment, and was characterised
by four distinct peaks (i.e. 9— 11 ¢cm, 12 — 15 cm, 20 — 22 ¢cm, and 25 —
27 cm) of higher TOC contents, with an increase from about 39 % to 100

1102
1105
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% (ranging from 7.1 to 10.2 + 0.4% (SD)) compared to the surrounding
sediments (i.e. 5.1 +£0.8% (SD)) (Fig. 2.i). In addition, the sediment
from 6 cm to the top of the sediment core exhibited significantly lower
TOC contents averaging 2.9 + 0.3%, which was 59 % lower than for
previously deposited sediment.

3.1.5. Grain size and specific surface area

Along the sediment core, distinct peaks of coarser grain size and
lower SSA were identified (i.e. 10 — 11 ¢cm, 14 — 15 ¢m, 19 — 20 cm and
25 — 29 cm) (Fig. 2.j and k). These peaks were characterised by a sharp
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Fig. 3. (a) Mean daily precipitation at the four precipitation monitoring AMeDAS stations surrounding the Mano Dam reservoir catchment between March 2011 and
June 2021, reservoir dam (b) water level and (c) water discharge between January 2014 and June 2021, (d) suspended sediment flux at the hydrological station
upstream the reservoir, and (e) the progress of decontamination as of cumulative proportion of the total decontaminated area under contrasted land uses (cropland,
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represents the time frame displayed in sub-figure (b).
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increase of D50 and D90 values, in average, by about 130 % and 280 %,
respectively, a moderate increase of D10 (by about 47 %), and a
decreased SSA by about 36 %, compared to surrounding sediment layers
(D10 = 54+1um, D50 = 20+ 6um, D90 = 96 +37 um, SSA =
516 & 101 m? g~1). These peaks, for which mainly D50, D90 and SSA
varied, were likely to reflect a greater amount of coarse particles.

In addition, sediment from 7 to 15 cm showed less uniform grain size
distribution compared to underlying sediments (< 30 cm), despite a less
marked variation of SSA. This suggests a greater frequency of recorded
events than deeper in the sediment core (i.e. more events over a shorter
depth) as well as the supply of more similar material (Fig. 2.j).

Conversely, the most recently deposited sediments, from 5/6 cm to
the top of the sediment core, showed a high homogeneity with fine
sediment, comparable to that of sediment below 29 cm. However, their
grain sizes were found to be the lowest along the sediment core (D10 =
3+0um,D50 =11+ 1 ym, and D90 = 59 + 11 ym), and they showed
the highest SSA (816 =24 m? g !).

3.1.6. Identifying sedimentation events along the sediment core

According to the comparison of the properties, including elemental
geochemistry, organic matter, visible colourimetry and grain size, and
criteria defined in Sec. 2.6 a total of 13 sedimentary events were iden-
tified along the sediment core, systematically labelled alphabetically
from the top to the bottom (Fig. 2.1).

3.2. Dating of events

3.2.1. Identification of extreme precipitation events

From the FDNPP accident in March 2011 to the sediment core
sampling in June 2021, 27 and 6 extreme precipitation events that
generated more than 60 or 100 mm d~! of daily precipitation, respec-
tively, were identified (Fig. 3.a). Of these, 17 were major tropical storms
and typhoons (Fig. 3.a; Supplementary Materials Table B1). While some
years were devoid of extreme precipitation events (i.e. 2012 and 2018),
most years recorded one such event (i.e. 2017 and 2020), other years
recorded two (i.e. 2013 and 2015) or even three events (i.e. 2014, 2016
and 2019).

Among the 27 extreme precipitation events, 16 events led to
exceptionally high cumulative precipitation exceeding 100 mm. Among
those 16 events only six events yielded cumulative precipitation
exceeding 150 mm: typhoon Roke in September 2011 (ID: 1105 -
259 mm), extra-tropical cyclone Etau in September 2015 (ID: 1518 -
396 mm), tropical storm Chanthu (ID: 1607 - 197 mm) and severe
tropical storm Lionrock (ID: 1610 - 157 mm) in August 2016, extra-
tropical cyclone Lan in October 2017 (ID: 1721 - 264 mm) and
typhoon Hagibis in October 2019 (ID: 1919 - 372 mm). Moreover, some
events occurred successively within a 10-days period, such as typhoon
Phanfone (ID: 1418 - 130 mm) and extra-tropical storm Vongfong (ID:
1419 - 94 mm) in October 2014, Chanthu and Lionrock in August 2016,
and Hagibis and extra-tropical cyclone Bualoi (ID: 1921 - 129 mm) in
October 2019.

3.2.2. Extreme precipitation events and reservoir management

Extreme precipitation events that generated more than 60 mm of
daily precipitation consistently led to daily water discharges exceeding
the usual discharges (i.e. 87 x 10 m® d~!; Fig. 3.a, b and c). The extreme
precipitation events of 2014, 2017 and 2020, which had equivalent
precipitation levels, led to similar water discharges by dam operators
(about 20-30 m® s1; Fig. 3.a and ¢; Supplementary Materials Table B4).
However, the 2016 event, characterised by a series of moderate extreme
precipitation events (daily precipitation between 60 and 100 mm; Fig. 3.
a), resulted in higher water discharges and a prolonged discharge period
(35.8 versus about 19.5m®s~! on average; Fig. 3.c; Supplementary
Materials Table B4) despite relatively low dam water levels (Fig. 3.b).
The exceptionally high cumulative precipitation events of 2015 and
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2019 led to maximum daily water discharges that were two to ten times
higher than those associated with the 2014, 2016, 2017 and 2020 events
(203.3 and 364.8m®s!, respectively; Supplementary Materials
Table B4).

Water level management procedures different significantly depend-
ing on the amount of precipitation during an extreme event (Supple-
mentary Material Fig. B2 and Table B4). In 2015 and 2019, during
higher-magnitude precipitation events, water level of the dam system-
atically exceeded the water level management threshold (i.e. 176 m).
Dam operators responded rapidly to this increased water inflow (max.
349.3 and 695.0m3s™! versus from 40 to 200m®s~! for lower-
magnitude events; Supplementary Materials Table B4), leading to
large variations in water levels over a short period, about 4.9 and 7.3 m
(max. water level 177.6 and 179.5 m), respectively. During the 2015
events, it took about 12 h to return below the water level management
threshold and 15 h for the 2019 event. Conversely, lower-magnitude
events, such as those that occurred in 2014, 2017, and 2020, which
showed lower inflows, only the 2017 event exceeded the water level
management threshold (max. 178.9m). This pattern allowed for a
smoother dam management and more gradual water level changes,
about 1.4 to 4.1 m managed from two to more than four days. However,
despite the fact that the 2017 event was associated with a large water
level change of 5.9 m (max. water level 178.9 m), dam management was
not associated with large water discharge, and it took 16 days to return
to the management level.

3.2.3. Suspended sediment flux to the reservoir

Over the recorded period, significant suspended sediment fluxes at
the reservoir inlet were highly associated with extreme precipitation
events and occurred over a short period of time (Fig. 3.d). Some isolated
precipitation events, with daily precipitation below 60 mm, resulted in
some sediment transfer. These events were always associated with
higher than usual water discharges (Fig. 3.c and d). The lower-
magnitude events of 2014, 2017 and 2020, which had similar precipi-
tation levels, led to different maximum suspended sediment fluxes:
about 12 to 20.4 kg s~ and 20.5 kg s~! in 2014 and 2017, respectively,
and 0.5 kg s~! in 2020 (Fig. 3.d; Supplementary Materials Table B4). The
higher-magnitude events of 2015 and 2019, resulted in maximum sus-
pended sediment fluxes of 169.7 and 7495.1 kg s—!, until the monitoring
stations were damaged, which was about 10 and 430 times higher than
those observed on average during lower-magnitude events.

3.2.4. Decontamination progress and extreme rainfall events
From June 2014 to December 2016 (i.e. 31 months), a total of

8.2 km* underwent decontamination, representing 12 % of the total
catchment area of the Mano Dam reservoir (Fig. 3.e). Within the
decontaminated area, the majority (66 %) of the operations did not
involve the addition of fresh soil, as it concentrated in the remediation of
grass borders (i.e. grass strips adjacent to cultivated plots, nearby roads,

and houses) (3.2 kmz, 39 %), forest borders (2.9 kmz, 35 %) and grass-

land (0.2 km?, 2 %). Remediated cropland accounted for 1.8 kmz, rep-
resenting only 22 % of the total decontaminated area and 3 % of the total
catchment area. Most of the decontamination (80 %) occurred in the last
four months of 2016, from 10 September to 31 December. In contrast,
only 10 % of the total area underwent decontamination during the 25
months that occurred between the initiation of decontamination in June
2014 and 7 July 2016.

Until mid-2016, the progress of decontamination remained limited,
and affected a marginal area which was unlikely to be reflected in
sediment records associated to extreme precipitation events that
occurred since 2014 (Fig. 3.e). However, in the six weeks preceding the
occurrence of Chanthu and Lionrock events in August 2016, significant
progress was made in decontamination, mainly under cropland. Within
this period, an additional 0.44 km?> of cropland was decontaminated,
representing 24 % of the total area of decontaminated cropland and 5 %
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of the catchment area. Conversely, over the 26 months since the initi-
ation of decontamination, only 0.29 km? (16 %) had been decontami-
nated. However, the majority of decontamination (83 %) was carried out
after the two extreme events that occurred in August 2016 (Chanthu and
Lionrock). Following the completion of decontamination in December
2016, the subsequent extreme precipitation event, Lan, occurred in
October 2017.

3.2.5. Dating of identified sedimentation events

The sediment core analysis revealed a single peak of 137 Cs activity at
17-18 cm layer, indicating the occurrence of the FDNPP accident (Fig. 2.
d). The exponential decrease of 137Cs activity below the 17-18 cm layer
suggest downward diffusion over time as observed in other lacustrine
sediment cores (Cao et al., 2017; Funaki et al., 2022). This peak aligned
with sedimentation event F (from 14 to 18 cm, Fig. 2.k), suggesting that
all the sedimentation events below it occurred prior to March 2011. In
relation to the objectives of the study, among all the sedimentation
events identified in Section 3.1.6, events G through M were not assigned
to specific extreme precipitation events.

In September 2011, typhoon Roke generated exceptionally high cu-
mulative precipitation (Fig. 3.a and Supplementary Materials Table B3).
This event, resulted in significant sediment transfers in response to a
high hydro-sedimentary connectivity (Chartin et al., 2017) and high
erositivity (Laceby et al., 2016a). Consequently, the event F was asso-
ciated with the occurrence of Roke in September 2011 (Fig. 4).

In addition, in November 2014, Huon et al. (2018) collected two
sediment cores (referred to as DD1 and DD2) at the same location as the
core analysed in the current study. When comparing the distribution of
137Cs activity and TOC content between these sediment cores revealed
high similarities between the DD1 0 — 30 cm and DD2 0 — 15 cm sec-
tions and the 11-24 cm section of our sediment core (Supplementary
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Materials Fig. B1). This suggests that the sediment deposition below
10 cm occurred before November 2014. Thereafter, between event F and
10 cm depth, only one event was identified, event E (Fig. 4). While no
extreme event occurred in 2012, two events took place in 2013 and two
more in 2014. Although 2013 and 2014 were affected by events of
similar intensity, the events in 2014 occurred within a 10 days period
and later in the year (October) than in 2013 (September and October).
Events occurring close together were more likely to generate erosion due
to soil saturation. In addition, as the events in 2014 occurred later in the
year, the vegetation cover was less developed and therefore less prone to
protect the soil from erosion. Accordingly, event E was associated with
the occurrence of typhoons Phanfone & Vongfong in October 2014
(Fig. 4).

In the Mano Dam reservoir catchment, after 2014, the next signifi-
cant change in terms of land use was the implementation of decon-
tamination. As most of the decontamination took place at the end of
2016 and after the extreme precipitation events of the year, the effects of
decontamination could only be visible from the subsequent year events
(i.e. from 2017) (Fig. 3). Notably, within the sediment core, an abrupt
change of properties was observed for sediment from 0 to 7 cm depth,
contrasting with previously deposited sediment layers (Fig. 2). More-
over, their properties tended towards those characteristics of subsoil or
fresh soil (Fig. 2; Supplementary Materials Table B3), which suggests
that decontamination had occurred before their deposition (Evrard
et al., 2019a; Feng et al., 2022). Within this interval, two sedimentation
events were identified: events A and B (Fig. 2). Subsequently, between
2017 and the sediment core sampling in June 2021, only two major
precipitation events occurred: Lan in 2017 and Hagibis & Bualoi in 2019
(Fig. 3). In 2017, although Lan was a moderate event in terms of cu-
mulative precipitation, it generated a higher suspended sediment flux
than previous equivalent events (i.e., versus 2014 events; Fig. 3.a and c).
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In addition, the dam operators operated a moderate water discharges
and kept the water level at the management level for the next six months
(i.e. about 175-176 m until April 2018; Fig. 3.b and c), which likely
allowed the deposition of a large proportion of the eroded sediment. In
contrast, in 2019, Hagibis & Bualoi generated large cumulative precip-
itation and large suspended sediment fluxes at the reservoir inlet (Fig. 3.
a and d). The dam operators therefore operated large water releases and
managed the water level to rapidly return to about 173 m (Fig. 3.b and
c). This water level management likely accelerated water flow within
the reservoir and thus limited sediment deposition. Hagibis & Bualoi
was likely under-represented in the sediment record. In summary, both
events, Lan and Hagibis & Bualoi, were likely recorded in the sediment.
Despite the moderate intensity of Lan, dam management likely allowed
better sedimentation during this event than during Hagibis & Bualoi.
Therefore, Lan and Hagibis & Bualoi events were associated with sedi-
mentation events B and A, respectively (Fig. 4).

Lastly, two sedimentation events were identified between 7 and
14 cm: event C and D. Corresponding to the dating of events discussed
earlier, these events occurred between early 2015 and mid-2016. In
October 2015, the simultaneous occurrence of Etau and Kilo generated
high precipitation and erositivity (Laceby et al. (2016a); Fig. 3.a), which
resulted in large suspended sediment fluxes at the reservoir inlet (Fig. 3.
d). The dam operators therefore operated large water releases and
managed the water level to rapidly return to about 173 m (Fig. 3.b and
c), which likely limited sediment deposition. In contrast, August 2016,
Chanthu & Lionrock were two moderate events that occurred within a
10 days period. The dam operators operated moderate water discharge
and remained well below management level (Fig. 3.c), which likely
affected to a limited extent sediment deposition. In addition, Chanthu &
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Lionrock occurred just before the acceleration of decontamination.
Consequently, the sedimentation events C and D were associated to
Etau-Kilo in October 2015 and Chanthu & Lionrock in August 2016,
respectively (Fig. 4).

3.3. Source sediment fingerprinting

3.3.1. Origin of organic matter

Undecontaminated cropland, remediated cropland, and subsoil had
similar 5'>C mean values, respectively, with —25.0 + 1.1 %o (SD) (range:
—27.7 %o to -22.9 + 0.1%c), —24.4 £ 1.5%0 (—26.2 %o to -22.0 + 0.1%o)
and -25.4 £ 1.0%o (—27.0 %o to -23.6 + 0.1%o) (Fig. 5 and Supplementary
Materials Table B1 and B2). However, the §'3C values of the forest were
significantly lower than those of undecontaminated and remediated
cropland, —26.3 +1.1%0 (—27.8 %o to -23.5 + 0.1%0) (Supplementary
Materials Table B1 and B2).

Conversely, with the exception of subsoil and remediated cropland,
all sources differed significantly in TOC/TN values (Supplementary
Materials Table B1 and B2). Forest had the highest TOC/TN values with
a mean of 15.4+ 2.3 (SD) (range: 9.8 to 19.7 £2.1), followed by
undecontaminated cropland (11.9+1.4—-9.6 to 16.3 £2.1), subsoil
(11.6+1.6 —8.2to 13.5 £ 2.1) and remediated cropland (10.3 +£2.0 —
6.3t013.0 £ 2.1) in decreasing order (Fig. 5). Remediated cropland and
subsoil and cropland signals were closer to the soil organic matter
signature, while that of forest was closer to plant debris signature. The
5'3C and TOC/TN values of the sediment samples were included within
the range of values found in potential sources, with the exception of
three samples (Fig. 5). The 6'3C values of the sediment samples varied
from —28.65 %o to -24.68 + 0.04%o, and their TOC/TN values changed
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Fig. 5. Signatures of §'°C and TOC/TN in potential sources and in sediment core samples along with typical ranges for organic inputs to clay-sized dominant
terrestrial environments (according to Lamb et al. (2006) and Amorim et al. (2022)). Sediment core samples showing values lying outside of the range found in
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from 10.1 % to 16.6 + 2.1%. However, three sediment samples lied
outside of the space defined by potential sources (i.e. 13-14, 25-26 and
26 — 27 cm). These three sediment samples were similar and charac-
terised by very low 6'3C values (respectively —28.65 %o, —28.54 %o and
-28.54 + 0.04%o) and high TOC/TN values (respectively 15.8 %, 16.6 %
and 15.9 + 2.1%). However, all the sediment samples had signatures
plotting within the range of typical Cs terrestrial plants organic inputs
(Fig. 5) (Lamb et al., 2006; Amorim et al., 2022).

3.3.2. Tracer selection

Of the 24 properties measured and analysed on potential source soil
samples and sediment core layers (Supplementary Materials Table B3),
only ten were found to show a conservative behaviour when tested ac-
cording to the hinge criterion range test (TOC, TN, Al, Si, Ti, L*, b*, C*,
Q7/4, Gsas) (Fig. 6). Among these ten conservative properties, only Ti
did not significantly (p value < 0.01) discriminate between potential
sources (i.e. cropland, forest, subsoil). This resulted in the selection of
eight tracers. These tracers consist of two organic matter parameters
(TOC, TN), two geochemical elements (Al, Si) and five colour parame-
ters (L*, b*, C*) and indices (Q7/4, Gszs). Among the eight potential
tracers, a suite of four tracers was selected by the DFA stepwise selection
(Al, Si, b*, C¥).

Different levels of source discrimination were observed among the
eight tracers. Half of the tracers provided strong and equivalent
discrimination capacity of the potential sources (TOC, TN, Al, L*, Gsas).
Conversely, the other half did not significantly discriminate between
forest and undecontaminated cropland sources (Si, b*, C*). Therefore,
sediment source fingerprinting modeling was run using the tracer se-
lection obtained prior to DFA stepwise selection (TOC, TN, Al, Si, Ti, L*,
b*, C*, Q7/4, Gsas).

3.3.3. Sediment source fingerprinting modeling

Modeling accuracy metrics obtained with MixSIAR and BMM were
strongly similar among sources (Supplementary Materials Table B5).
The largest differences were found in terms of model performance for
undecontaminated cropland and forest. In any case, results were better
for the multiple model approach than those obtained with each model
run independently. On average, the multiple model bias (ME) and
linearity (r?) were intermediate, whereas accuracy (RMSE) and
modeling efficiency (NSE) were slightly higher than for the individual
model approach.

Regarding the relationship between the theoretical and the predicted
contributions for the virtual mixtures, different tendencies were
observed (Fig. 7.a, b and c). The subsoil and forest contributions were
well predicted, despite that forest tended to be under-predicted above
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30 % of theoretical contributions (Fig. 7.b and c¢). The undecontami-
nated cropland contributions prediction quality was lower although
being rather linear, and were over-predicted below 40 % of theoretical
contributions and under-predicted above it (Fig. 7.a).

When evaluating the transferability of the model accuracy metrics
derived from virtual mixture predictions to those of actual sediment
samples, notable differences were found across sources (Fig. 7.a, b and
c). The actual sediment samples predictions for undecontaminated
cropland and forest contributions closely aligned with those from virtual
mixtures, with ESP of 100 % and 92 %, while subsoil predictions
exhibited lower consistency, with ESP of 66 % (Supplementary Materials
Table B4). However, when considering theoretical and predicted con-
tributions of virtual mixtures simultaneously for all three sources (Fig. 7.
d), the predicted contribution space appeared contracted compared to
the initial theoretical space. This contraction was mainly related to the
narrower range of predicted contributions for uncontaminated cropland
(from 4 % to 69 %), and the lower maximum for forest contributions (73
%). Only three out of 38 sediment samples had predicted contributions
within the virtual mixtures space, about 15 samples were close to this
space. Sediment samples located the furthest from this space were
characterised by low predicted subsoil contributions (< 10 %) and
balanced contributions from forest and uncontaminated cropland.
Modeling accuracy metrics are therefore likely not fully transferable to
model outputs obtained for actual sediment samples.

3.4. Evolution of sediment transfers and sources throughout time

Following the accident, there were notable changes in both the
quantitative (MAR) and qualitative (sources) sediment transfer pattern
associated to extreme precipitation events (Fig. 8.a). The first typhoon
following the accident, Roke in September 2011, likely reflected the pre-
accidental sources contributions, characterised by a cropland domi-
nance (about 54 %), followed by forest (about 35 %) and subsoil (about
10 %) (Fig. 8.a; Supplementary Materials Table B6). However, this event
resulted in sediment accumulation about twice-fold compared to pre-
accidental levels (MAR = 1.87 versus 0.96 + 0.25 g cm 2 event™!). This
significant increased sediment deposition was likely a consequence of
the intensity of the event and the landscape disturbances after the Great
Tohoku Earthquake, including landslides and bank collapses, which
have not been immediately dealt with given the subsequent evacuation
order (July 2011).

During the abandonment period, the three sedimentation events that
occurred (2014, 2015 and 2016) were characterised by MAR values
closer to pre-accidental levels although they showed significant changes
in source contributions. In 2014 and 2015, there was a significant
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decrease of quantitative contributions of undecontaminated cropland
(24 % and 39 %), while those of forest increased (41 % and 11 %)
compared to pre-accidental levels. Conversely, in 2016, the MAR
slightly increased compared to 2015 (6 %), along with an increase of the
quantitative contribution of undecontaminated cropland (43 %). This
trend likely resulted from the occurrence of some decontamination
shortly before the occurrence of 2016 precipitation events, which left
the soil bare and vulnerable to rainfall and runoff.

After the completion of decontamination, the events of 2017 and
2019 were characterised by a significant increase in sediment transfers,
with their MAR values reaching 270 % and 190 % of the pre-accidental
levels despite the intensity of the 2017 event that was similar to that of
2016 events (Fig. 3; Supplementary Materials Table B7). This massive
increase of sediment transfer was associated with a drastic increase in
the quantitative contribution from subsoil (+180 % and + 108 %) and
undecontaminated cropland (625 % and 419 %), while contribution of
forest remained similar to pre-accidental levels.

3.5. Evolution of 3’ Cs transfers through time

Throughout each event, the '37Cs activity in the sediment has
consistently decreased (Fig. 8.b; Supplementary Materials Table B7).

13

From 2011 to 2016, the activity gradually decreased over time, almost
following an exponential decay, with reductions of about 20 %, 15 %,
and 27 % per year between 2011-2014, 2014-2015 and 2015-2016,
respectively, averaging 21 % per year between 2011 and 2016 events.
Following the completion of decontamination, there was a notable drop
of 65 % in '37Cs activities between 2016-2017 events, equivalent to a
decrease of 56 % per year. Subsequently, there was again a gradual
decrease of 28 % between 2017 and 2019, equivalent to a decrease of
about 14 % per year. Over the period from the initial extreme precipi-
tation event post-accident in 2011 to the most recent events in 2017 and
2019, %7Cs activities decreased significantly by about 89 % to 92 %
(26.1 versus 2.9 and 2.1 kBgkg ! event~! respectively), which was
equivalent to a decrease of about 30 % and 26 % per year, respectively.

Conversely, the evolution of total '3’ Cs deposition flux per event did
not fully reflect the same trends as that of 13’Cs activities (Fig. 8.c;
Supplementary Materials Table B7). From 2011 to 2016, the decrease
trend was similar, with reductions of about 30 %, 45 % and 22 % per
year between 2011-2014, 2014-2015 and 2015-2016, respectively,
averaging 32 % per year between 2011 and 2016 events. Conversely,
following the completion of decontamination, the 13’Cs deposition flux
in 2017 remained wunchanged from that of 2016 (ie.
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7.510% kBq m~2 event~!). Subsequently, there was again a decrease of
49 % between 2017-2019, equivalent to a decrease of about 26 % per
year. Over the period from 2011 to 2017 and 2019, ¥’ Cs deposition flux
was reduced by 85 to 92 %, which was equivalent to a decrease of about
26 % per year.

Furthermore, Roke, the first extreme precipitation event that took
place after FDNPP accident in 2011, accounted for 52 % of the total
137Cs transferred between 2011 and 2021. The next three events, in
2014, 2015, and 2016, accounted for 18 %, 10 %, 8 % of the total 13’ Cs
transferred. Accordingly, these four events supplied 88 % of the total
137Cs deposition flux exported during the monitored period. In contrast,
the last two events, in 2017 and 2019, transferred a limited deposition
flux of 13”Cs with only 8 % and 4 %, respectively.

4. Discussion
4.1. Identifying and dating sedimentation events along the sediment core

In this study, insights from Huon et al. (2018) research were used to
identify sediment deposition associated with extreme precipitation
events based on specific changes in the sediment properties. In addition,
as most of the sediment transfer in river occurred during extreme pre-
cipitation events (Laceby et al., 2016a; Osawa et al., 2018; Taniguchi
etal., 2019; Evrard et al., 2020), deposits were assumed to correspond to
a succession of distinct events. However, despite the fine sampling res-
olution at a thickness of 1-cm, some of the changes occurred within this
1 cm interval and were smoothed out. For example, in layers at 9-11,
16-18, 19-21 and 26 — 27 cm depths, the decrease in SSA coincided
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with an increase in TOC and particle size (i.e. D90) and occurred slightly
before the decrease in Al content, although all these changes should
have occurred simultaneously (Fig. 4.a). Such smoothing could be
reduced by increasing the resolution of the analysis, such as what can be
obtained using XRF core scanner (Rapuc et al., 2020) or high-resolution
hyperspectral imagery (Jacq et al., 2019).

In addition, challenges were faced in the dating of the sedimentation
events due to the inability to use conventional dating methods based on
210ph,, and '¥7Cs. To overcome this, several types of contextual infor-
mation were used, including previously published data (Huon et al.,
2018), the identification of the '37Cs peak related to FDNPP fallout,
management of the reservoir, the progress of decontamination, in
particular the addition of fresh soil, and finally the date of sampling of
the current sediment core. Consequently, our dating approach relied on
establishing a relative chronology based on these contextual factors.
This led to inherent uncertainties in the dating process. Notably, the
strong similarities in the distribution of the properties between the
sediment core studied in this study and the two downstream sediment
cores studied by Huon et al. (2018) (i.e., DD1 and DD2; Supplementary
Materials Fig. B1), which were sampled at the same location in the
reservoir, supports a high repeatability and representativeness of sedi-
ment core sampling at this location in the reservoir. However, investi-
gation of additional sediment cores would provide confirmation of the
results.

Moreover, water level management at the Mano Dam likely impacted
sedimentation in the reservoir. Adjustments of water outflow to main-
tain usual water levels changed the water velocity along the reservoir.
Increased water release elevates water velocity, reducing the residence
time of sediment-laden water, which reduces the sediment trapping
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potential within the reservoir. During higher-magnitude events, such as
Etau-Kilo (2015) and Hagibis & Bualoi (2019), water discharges were
significantly higher during a shorter period of time compared to what
was observed during lower-magnitude events (e.g. Roke (2011), Phan-
fone & Vongfong (2014), Chanthu & Lionrock (2016) and Lan (2017))
(Fig. 3). This fast and abrupt management pattern during higher-
magnitude events was less favourable for sediment trapping than the
gradual and smoother management observed for lower-magnitude
events. Despite the fact that these events generated massive erosion,
as observed in the suspended sediment flux records at the reservoir inlet
monitoring station (Fig. 3.d) and in other studies (Thothong et al., 2011;
Chartin et al., 2017; Evrard et al., 2019b; Vandromme et al., 2023), the
management of the water reservoir likely resulted in a lower represen-
tation of this type of event in the lake sediment records. Conversely, the
2017 event, Lan, which occurred after decontamination and was
equivalent to the Phanfone & Vongfong events (2014) in terms of pre-
cipitation, was associated with significantly higher suspended sediment
flux although not with higher dam water discharge. Accordingly, this
management was likely to trap more sediments in the water reservoir.
The Chanthu & Lionrock events events (2016), both lower-magnitude
events that occurred over a short period of time, resulted in a slightly
higher water discharge than Lan (2017) or Phanfone & Vongfong (2014)
events. Unexpectedly, the extreme precipitation event of September
2020 (Dolphin - 2012) did not generate significant sediment transfer
(Fig. 3.d), despite having similar maximum daily precipitation as events
such as Chanthu & Lionrock (2014), Phanfone & Vongfong (2016), or
Lan (2017) (Supplementary Materials Table B3). The Dolphin event
(2020) was not identified in the sediment core, which could be due to
the resolution of the sediment core analyses (i.e. 1 cm) and a low amount
of sediment deposition. Understanding the complex influence of these
types of short-term management of water discharge and reservoir water
level on sediment dynamics across the reservoir, would require the
development and use of 3D water-sediment dynamics models, which
could be developed in further studies. In addition, it may be possible to
quantify the sediment trapping efficiency of the reservoir by comparing
suspended sediment fluxes at the inlet and outlet of the reservoir (Ver-
straeten and Poesen, 2000).

Dam water level management types likely control the potential
trapping of sediment particles in the lacustrine zone of the reservoir, in
particular for the coarse particles that usually settle down first (i.e.
coarse organic matter). Therefore, the occurrence of large water dis-
charges over a short period of time may lead to a lower trapping of
sediments and therefore to a lower representation of the contribution
sources. However, according to Vandromme et al. (2023), the most
intense events can generate rill (or gully) erosion that mobilizes subsoils,
depleted in organic matter. The signature of these higher-magnitude
events was therefore likely to be depleted in coarser organic matter
particles, resulting in a higher contribution of sediment originating from
subsoil compartments. Unlike natural lakes, managed water reservoirs
do not show homogeneous sedimentation conditions throughout time,
in particular in areas subject to heavy precipitation events, such as ty-
phoons, which require rapid and major dam water releases to prevent
damages to the dam structure and any flooding downstream, thereby
modify the sedimentation conditions and sedimentation events signa-
ture across the reservoir.

4.2. Evolution of sediment source contributions and ¥ TEXTCs transfers
through time

Although the contrasted extreme precipitation events, all land use
changes in the Mano Dam reservoir catchment have occurred over a
relatively short period of ten years have been responsible for significant
changes in terms of trends in the sediment source contribution. Soon
after the abandonment of agricultural activities, between 2011 and
2016, the spontaneous regrowth of vegetation has progressively pro-
tected the soil from erosion and reduced the contribution of agricultural
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land to sediment and particle-bound '¥7Cs transfer, as deposition flux
decreased over time. Conversely, the decontamination, which mainly
took place over a three-month period at the end of 2016 has drastically
increased erosion of the cultivated land by leaving the soil uncovered by
vegetation and/or covered with a fresh soil making it highly susceptible
to erosion (Evrard et al., 2019a). As also shown by Feng et al. (2022),
this effect appears to be pluriannual, as it was still visible in Mano Dam
reservoir during Hagibis in 2019. However, even if these fresh soils were
more sensitive to erosion, they did not provide !'37Cs contaminated
sediments. In fact, they acted as diluents for contaminated '%’Cs sedi-
ment originating from undecontaminated forests, as shown by Van-
dromme et al. (2023). This may raise concerns about soil conservation in
the decontaminated farmland. Nevertheless, due to the impact of dam
water level management on sediment storage, it was likely that some
intense events were not fully recorded in the sedimentation sequence.
Therefore, not all the sediment and '3’ Cs transfer episodes that occurred
in the catchment were likely to be fully represented in this study. In
addition, according to Funaki et al. (2022), under anoxic conditions
137Cs elutes in the pore water, which may cause migration within the
sediment column over time, as observed between layers F and G (Fig. 2.e
and i). Although this phenomenon appears to be limited according to
Funaki et al. (2022), the 137Cs stock of a sedimentation event could be
slightly modified after a prolonged period.

The initial intention of the sediment fingerprinting approach was to
adjust the potential cropland sources as decontamination progressed
(uncontaminated, decontaminated, remediated). However, it was not
possible to distinguish certain sources, such as subsoil and the fresh soil
added to remediated cropland, which did not allow tracing each source
individually. In addition, in contrast with decontamination records no
detailed spatial and/or temporal information was found on the progress
of the preparation for recultivation. Moreover, due to the limitations in
the Bayesian models (i.e. MixSIAR and BMM) that appear not to handle
missing sources correctly Stock et al. (2018) and recommendations to
limit the number of potential sources considered (< 4, Lees (1997)), it
was decided to use three well-defined sources (undecontaminated
cropland, forest, subsoil).

The use of a multiple-modeling approach allowed to slightly improve
the values of the evaluation metrics compared to those obtained with
independent models (MixSIAR and BMM). Although multiple-modeling
metrics generally exceeded those of individual models, they remained
higher on average. In addition, comparing the trends obtained with in-
dividual models, which show some consistency, increased our confi-
dence in the modeling outputs. Future studies could incorporate
additional unmixing models to further improve the multi-modeling
approach. Investigation of the transferability of modeling metrics from
virtual mixtures to actual sediment samples, using ESP values, did not
support a high confidence in the transferability of the metrics in the
current context. This was probably attributed to the selection of tracers
with non-(fully) conservative behaviour, which was reproduced in the
generation of the virtual mixtures (Chalaux-Clergue et al., 2024a).

4.3. Perspectives and management implications

Previous studies showed a strong decrease in the 1%7Cs activities in
sediment over time (Osawa et al., 2018; Taniguchi et al., 2019; Evrard
et al., 2020). Prior to the decontamination, this reduction in 13’Cs ac-
tivity was associated to both physical decay and prior lateral transfer in
rivers. After decontamination, previous studies associated the signifi-
cant decrease in 137 Cs activity with the removal of contaminated soils or
the physical decay that reduced '*”Cs fluxes. However, the current re-
sults suggest that it was more likely to be related to the dilution of
contaminated sediment with fresh soil spread over decontaminated
farmland, rather than a decrease in '3 Cs deposition fluxes. The natural
regrowth of spontaneous vegetation over farmland since 2011 until
decontamination has gradually reduced soil erosion, decreasing the
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contribution of this source to sediment and particle-bound 3’ Cs transfer
in rivers (Feng et al., 2022). Here, decontamination appeared to have
achieved a similar or slightly better reduction than natural regrowth, by
removing contaminated erodible soil.

Nevertheless, as observed along the sediment core, the forest has
consistently contributed sediment and particle-bound '3’Cs and while
remaining the main source of '3Cs in the catchment (Laceby et al.,
2016b). The resumption of agricultural activities on decontaminated
soil, associated with a denser vegetation cover, may further reduce
erosion from cropland. Therefore, this will likely reduce the supply of
sediment depleted in radiocesium, which may reduce the dilution of that
of forest - enriched in radiocesium -, leading to a potential future in-
crease of sediment '¥Cs activity. However, over time, ¥’Cs tends to
migrate into forest soils and becomes increasingly immobilised by clay
minerals (Kurikami et al., 2019; Onda et al., 2020). Moreover, Taira
et al. (2020) showed that 37 Cs activity in forest soils was not modified
by the occurrence of extreme precipitation events, as they mainly induce
rill erosion mainly transferring material depleted in radiocesium (Van-
dromme et al., 2023). This could potentially lead to a reduction in
radiocesium-rich sediment originating from forests.

This being said, the primary objective of the decontamination was to
reduce the ambient air dose rate, which proved to be successful (Evrard
et al., 2019b). In farmland, the ambient air dose rate was reduced by an
average of about 59 %, reaching 0.59 uSv h~! (MoE, 2018, 2023b). This
level remains above the long term target ambient air dose rate of
0.23 uSvh™! (equivalent to an exposure dose rate of 1mSvyr!),
although it allows the resumption of agricultural activities. However, in
contrast with conclusions of previous studies, our current research em-
phasises that decontamination may not have reduced the deposition flux
of particle-bound ' Cs in the reservoir transferred by erosion in rivers as
much as it was often previously assumed. This finding is supported by a
modeling approach conducted by Vandromme et al. (2023), demon-
strating a 17 % reduction in '¥Cs flux in rivers compared to scenarios
without decontamination. Decontamination resulted in a similar '37Cs
deposition flux as that observed in landscapes characterised by a dense
vegetation regrowth, such as that which developed during the early
post-accidental period when farmlands were abandoned. This raises the
question of the worthiness of decontamination in terms of reduction in
particulate transfers in rivers, considering the workload, cost and
quantity of waste generated by the remediation (Evrard et al., 2023).
However, decontamination - through reducing the ambient air dose rate
in residential and agricultural areas - theoretically allows the population
to return. Nevertheless, according to Asanuma-Brice et al. (2023), very
few people have returned or moved to these areas. This is related to the
deterioration and modification of living conditions in comparison with
pre-accidental conditions (e.g. dislocation of families and neighbour-
hood relations, lack of facilities, public services and economic activities,
transformation of the landscape, restricted access to forest by-products
such as gathering wild vegetables or mushrooms).

Nevertheless, if the objective is to allow a rapid return of the popu-
lation and to limit riverine transfers of radioactive contamination, as
intended by the Japanese government, our current results suggest that
further reducing the delay between the accident and the decontamina-
tion could have reduced !'*Cs transfers in rivers more effectively.
Therefore, an earlier implementation of farmland decontamination
within 4-5 years after an accident could have led to a more effective
reduction of transfers. This recommendation is consistent with similar
findings obtained in forests, where it was shown that decontamination
within 1 to 5-years after the accident would be more effective (Thiry
et al., 2018; Koarashi et al., 2020). The validity of this recommendation
could be further tested by studying catchments decontaminated over
different timescales (relatively early or later after the accident).
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5. Conclusions

Through a combination of analyses of the Mano Dam reservoir
sediment core properties (organic matter, elemental geochemistry,
visible colourimetry, and granulometry) coupled with contextual in-
formation (previous study of Huon et al. (2018), daily precipitation
records, dam water level management, progress of decontamination),
sedimentation events of the last decade were identified and dated
despite the impossibility of using a more conventional dating approach.
In total, six major events were identified between the FDNPP accident in
March 2011 and the core sampling campaign in June 2021. Among these
events, four occurred before the completion of decontamination at the
end of 2016 and two thereafter.

The study revealed significant modifications in sediment source
contributions over the last decade following FDNPP accident, mainly
driven by rapid and drastic changes in land uses. During the period of
abandonment of agricultural activities in response to the evacuation
order, the quantitative contribution of cropland gradually decreased (by
about 27 % of the pre-accidental level). Furthermore, a decrease in both
137Cs activity in the sediment (by about 67 % equivalent to 19% yr—1)
and 1%7Cs deposition flux per extreme precipitation event (by about 84
%) was observed during these five years, between 2011 and 2016. In
contrast, after decontamination, cropland and added fresh soil exces-
sively contributed to sediment transfer. Meanwhile, forests that have not
been decontaminated, appeared to supply a stable and perennial source
of 1%Cs-contaminated sediment. Therefore, by providing non-
contaminated sediment, decontaminated cropland and fresh soil
contributed to the dilution of 13’Cs borne by contaminated sediment,
resulting in an overall drop of 37Cs activity in the sediment (by 65 %
between 2016 and 2017). However, this was not associated with a
reduction in the 1%’Cs deposition flux, as forested areas act a stable
source of 137 Cs-contaminated sediment. Accordingly, the resulting 13”Cs
deposition flux after decontamination (2016-2021) was similar to that
observed during the 5-year period of land abandonment (2011-2016),
as a result of the natural regrowth of spontaneous vegetation over
farmland, which protected soils and limited 3”Cs transfer by rivers.

Future studies should investigate other catchments of the Fukushima
region that have been decontaminated later than the Mano Dam reser-
voir catchment, or that have not been decontaminated yet, to assess the
effect of longer land abandonment periods on '3’ Cs fluxes in rivers.
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