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• FDNPP accident deposited radiocesium
over rural-agricultural landscapes in
Japan.
• Sources of contaminated particulate
matter are examined in Mano Dam reservoir.
• Prominent radiocesium peaks were observed in three out of the four sediment
cores.
• Radiocesium and carbon/nitrogen parameters varied between cores and
with depth.
• Cultivated sources supplied 48% of particulate matter, subsoil 27% and forests
25%.
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The Fukushima nuclear accident in Japan resulted in the deposition of radiocesium over forested and rural landscapes northwest of the power plant. Although there have been several investigations into the dynamics of contaminated river sediment, less attention has been paid to the sources of deposited particulate matter in dams and
reservoirs. In the Fukushima Prefecture, there are 10 signiﬁcant dams and over a 1000 reservoirs for both agricultural and surface water management. These reservoirs may have trapped a signiﬁcant volume of radiocesiumcontaminated sediment. Therefore, characterizing the sources of contaminated particulate matter is important
for the ongoing management of contamination in the region.
Accordingly, the composition of particulate matter deposited in the Mano Dam reservoir, approximately 40 km
northwest of the power plant, was investigated with the analyses and modelling of carbon and nitrogen stable
isotope ratios (δ13C and δ15N), total organic carbon (TOC) and total nitrogen (TN) concentrations. Four sediment
cores, with lengths ranging 29–41 cm, were sampled in the Mano Dam. Source samples from 46 forest soils, 28
cultivated soils and 25 subsoils were used to determine the source contributions of particulate matter. Carbon
and nitrogen parameters were analyzed on all samples and a concentration-dependent distribution modelling
approach was used to apportion source contributions.
Three of the four cores sampled in the Mano Dam reservoir had distinct radiocesium peaks representative of the
initial post-accident wash-off phase. Cultivated sources were responsible for 48 ± 7% of the deposited ﬁne

particulate matter whereas forests were modelled to contribute 27 ± 6% and subsoil sources 25 ± 4%. Ongoing
decontamination of cultivated sources in the Fukushima region should result in a decrease of contaminated matter deposition in reservoirs.

1. Introduction
The Fukushima Dai-ichi Nuclear Power plant (FDNPP) nuclear accident in March 2011 resulted in the fallout of radiocesium over forested
and rural landscapes northwest of the power plant. Radiocesium is rapidly bound to ﬁne particles after deposition on the soil surface (He and
Walling, 1996; Saito et al., 2014). Thereafter, detachment and transport
processes transfer radiocesium contaminated particles downslope and
downstream (for a review, see: Evrard et al., 2015). Migration of contaminated particles is accelerated by rice paddy ﬁelds that are directly
connected to the river network with irrigation systems (Chartin et al.,
2013). Accordingly, paddy ﬁelds were suggested to be a signiﬁcant
source of particle-bound radiocesium to river systems in the region contaminated by fallout from the FDNPP accident (Lepage et al., 2015;
Yoshimura et al., 2016).
Although there have been several investigations into the dynamics
of contaminated river sediment (Nagao et al., 2013; Ueda et al., 2013;
Yamashiki et al., 2014; Sakaguchi et al., 2015), much less attention has
been paid to the sources of deposited particulate matter in dams and
reservoirs (Yoshimura et al., 2014). In the Fukushima Prefecture, there
are N 10 dams that facilitate agricultural and surface water management
and over a 1000 reservoirs (Yamada et al., 2015). These reservoirs may
have trapped important volumes of radiocesium-contaminated sediment. For example, the Ogaki Dam on the Ukedo River has been reported to trap 100% of the sand, 95% of the silt and 30–50% of the clay
particle size fractions and their bound radiocesium (Kurikami et al.,
2014; Yamada et al., 2015). Similarly, a layer of radiocesium contaminated sediment was deposited behind the Yokokawa Dam in the Ota
catchment (Chartin et al., 2013).
One approach to investigate the source of this contaminated particulate matter is to use the composition of organic and mineral matter to
trace its origin in the catchment. This sediment ﬁngerprinting technique
is based on the fact that different sources produce particulate matter
with unique parameters or ﬁngerprints (Walling, 2005; Koiter et al.,
2013; Owens et al., 2016). Tracing particulate matter back to its potential sources with a ﬁngerprinting technique provides a ﬁeld-based approach to investigating source dynamics of particulate matter
deposited in riverine and lacustrine environments. Particulate matter
parameters such as major and trace element geochemistry, mineral
magnetic parameters, fallout radionuclide activities and colour have
all been used to investigate the contribution of different sources of particulate matter (Grimshaw and Lewin, 1980; Walling and Kane, 1984;
Caitcheon, 1993; Murray et al., 1993; Martinez-Carreras et al., 2010;
Legout et al., 2013).
In this current research, the origin of contaminated particulate matter deposited in the Mano Dam reservoir, Japan, is investigated with the
analysis and modelling of carbon and nitrogen stable isotope ratios
(δ13C and δ15N), total organic carbon (TOC) and total nitrogen (TN) concentrations. These bulk organic matter composition parameters have
been effectively incorporated into investigations of source contributions
to suspended and deposited sediments in various environments
(McConnachie and Petticrew, 2006; Fox and Papanicolaou, 2007;
Gourdin et al., 2015; Laceby et al., 2015; Laceby et al., 2016). In soils,
δ13C broadly discriminates between particulate matter derived from
landscapes covered with C4 vegetation (e.g. several crop and grass species in tropical climates) relative to C3 vegetation (e.g. tree and temperate grass species) (Schimel, 1993; Mariotti and Peterschmitt, 1994; Fry,
2006). Soil TOC and TN tend to decrease with depth in the soil proﬁle
(Blake et al., 2006; Owens et al., 2006), whereas soil δ15N and δ13C

increase (Natelhoffer and Fry, 1988; Amundson et al., 2003). Cultivation
of soils, and the related soil organic matter mineralization, is known to
reduce TOC and TN contents, resulting in intermediate concentrations
relative to surface soils and subsoils (Walling and Woodward, 1995;
Juracek and Ziegler, 2009).
Tracing the sources of sediments at the catchment scale with bulk
organic matter composition is based on the assumption that, during
soil erosion and sediment transport, the breakdown of soil aggregates
into ﬁne mineral bound organic matter (Remusat et al., 2012), particulate mineral matter and uncomplexed particulate organic matter (i.e.,
vegetation debris) should supply sediments that can be labelled by
their source compositions (Huon et al., 2006; Hilton et al., 2010; Smith
et al., 2013; Laceby et al., 2016). However, the heterogeneous distribution of suspended sediments by water ﬂow (i.e., particle size sorting in
rivers) also affects their organic and mineral composition and must be
taken into account when investigating sediment deposits (Chaplot
and Poesen, 2012; Boix-Fayos et al., 2015; Laceby et al., 2017). In addition, particulate matter in lake sediments does not only originate from
soil erosion in the catchment. It also includes sinking debris of decaying
autochthonous lake biomass that can be partly preserved in rapidly accumulating deposits (e.g., Thothong et al., 2011). However, in lakes with
low productivity, autochthonous inputs are rapidly degraded in the
water column (i.e., Sobek et al., 2009). According to Wetzel (2001)
b15% of these inputs reach lake bottom in deep water columns.
In this study, bulk organic matter compositional parameters were
used to characterize and quantify the contribution of allochthonous
sources (i.e. cultivated soils, forests and subsoils) to particulate matter
sampled in four sediment cores collected from the Mano Dam reservoir
in the Fukushima region. Determining the source of contaminated particulate matter in water reservoirs (Kurikami et al., 2013; Mouri et al.,
2014; Yamada et al., 2015) is an important issue for managing the potential downstream delivery of radiocesium and also provides new insights into its dynamics in lacustrine environments.

2. Material and methods
2.1. Study site
The Mano Dam is located in a mountainous headwater catchment
(81 km2), approximately 40 km northwest of the FDNPP. Total
radiocesium (134Cs + 137Cs) soil inventories range from ca. 10 to
50 kBq kg−1 (Chartin et al., 2013) (Fig. 1). Catchment elevation varies
from 170 to 700 m above sea level. The mean annual temperature in
the Fukushima region is 11.3 ± 1.7 °C (standard deviation), ranging between 0.0 °C and 23.4 °C for January and August, respectively. The mean
annual rainfall is 1420 mm y−1 for the fallout impacted area (i.e.,
100 km from the FDNPP, Laceby et al., 2016). Importantly, heavy rainfall
from tropical cyclones (mainly between July and October) was reported
to be a signiﬁcant factor driving the downstream migration of
radiocesium contamination in the region (Evrard et al., 2014; Evrard
et al., 2015; Chartin et al., 2017).
Land use for the catchment, classiﬁed with a 1-m DEM and satellite
imagery from Google Earth (version 7.1.5.1557) is approximately 89%
forest, 6% rural residential and 3% cultivated lands. The majority of cultivated land is comprised of paddy ﬁelds with irrigation networks that
may be connected directly to the river network. The main lithology of
the catchment consists primarily of volcanic (40%), granitic (30%),
granodioritic (17%), and sedimentary rocks (8%) (GSJ, 2010). The main

Fig. 1. Mano Dam catchment and location relative to the FDNPP (Fukushima Dai-ichi Nuclear Power plant) including elevation and fallout radiocesium activities from Chartin et al. (2013)
with location of the source samples in the region and of the sediment cores UD, MD and DD1 & 2 in lake Hayama (see also details in the graphical abstract).

soils overlaying this lithology are Cambisols (71%), Andosols (20%),
Leptosols (3%), and Gley Fluvisols (3%) (NLA, 1972; UNESCO, 1974).
The Mano Dam is the largest reservoir in the region impacted by signiﬁcant radioactive fallout (e.g. N25 kBq kg−1). It was impounded in
1991, creating lake Hayama, a water body fed by three main tributaries
designed for ﬂood control and irrigation, covering 1.75 km2 with a maximum storage capacity of 36.2 × 106 m3 and a maximum water depth of
60 m. Discharge into the Mano Dam covering the period 2007–2015
(Supplementary information Fig. 1, Fukushima Prefecture Data) may
exceed 100 m3 s−1 during major ﬂow events. Total suspended solids
have reached 1 g L− 1 (Hayashi, unpublished data). During summer
and fall in 2014 and 2015, water temperature ranged from 9 to 25 °C
near the surface and 6–16 °C at 20–50 m water depth. Lake biological
production was rather limited as shown by low chlorophyll-a pigment
concentrations (1.0–3.6 μg L−1) measured in the superﬁcial 0.5 m
water layer during the same period (Hayashi, unpublished data).
Suboxic to anoxic conditions prevailed in the bottom layer of the
deep-water columns, below 46–50 m water depths. Given the dominance of a forest cover in its drainage area (89%), lake Hayama is very

likely oligotrophic and hosts little aquatic vegetation, as discussed by
Knoll et al. (2015) in their study of linkages between reservoir eutrophication and landscape characteristics. In addition, the water residence
time of ca. 0.48 years (Fukushima and Arai, 2014; Matsuda et al., 2015)
and the location within a coastal mountainous region induce high sediment accumulation, in particular after heavy rainfall and typhoon events
(Evrard et al., 2016; Laceby et al., 2016; Lepage et al., 2016).
2.2. Field sampling
Four sediment cores with a diameter of 11 cm were sampled in lake
Hayama. No seasonal alternation of lake biomass and terrigenous sediment layers was visible (Supplementary information Fig. 2). The upstream dam core (UD) was sampled 3.5 m below the water surface,
the midstream dam core (MD) was sampled at 18 m depth, and two
downstream dam cores (DD1 and DD2) were sampled at 45 m water
depth. On November 22, 2014, divers recovered the UD and MD cores
using hand-held piston corers. The DD cores were sampled with a gravity-based corer (HR type, RIGO, Tokyo, Japan) within 20 m of each other

on April 24, 2015. The length of the sediment cores ranged between
29 cm (DD2) and 41 cm (MD).
Source soil samples were obtained from the three main sources in
the region that were selected after stakeholder consultations, multiple
ﬁeldwork campaigns and a literature review (Evrard et al., 2015). In
total, 46 forest (16 coniferous, 15 deciduous, and 15 mixed), 28 cultivated (14 rice paddy and 14 other ﬁelds), and 25 subsoil samples (15
decontaminated soil and 10 channel bank and subsoil erosion scars)
were collected in the region based primarily on pragmatic factors,
such as road and property access (Laceby et al., 2016) (Fig. 1). Decontamination of soils involves the removal of surface vegetation and the
replacement of the topsoil layer (ca. 5 cm) with a new substrate,
made of crushed gravel with similar properties than subsoils. Later
phases of decontamination will introduce a new topsoil layer, although
this phase was not implemented in the Mano Dam catchment during
the sampling period.
To sample surface sources, a small plastic trowel was used to combine 10 surface scrape subsamples (top 1–2 cm, approximately 5 g)
into one sample. The decontaminated soils were sampled with the
same method used for surface soils. Subsoils were sampled by ﬁrst removing the exposed sidewall of channel banks and hillslope erosion features and then the exposed subsoil was sampled with 10 plastic trowel
grabs that were combined into one sample.

2.3. Sample processing and analyses
Upon returning from the ﬁeld, the cores were sectioned into 1 cm increments from 0 to 15 cm depth, in 2 cm intervals from 15 to 25 cm, and
in 3 cm increments until the base of the cores as the objective was to investigate the distribution of radiocesium in the cores. Sectioned subsamples were oven-dried (60 °C) at the National Institute of
Environmental Studies (NIES), Japan, where they also underwent
gamma spectrometry analyses with coaxial high-purity germanium detectors SEG-EMS GEM 20–70 (efﬁciency: 23%) and GEM 35–70 (efﬁciency: 40%) (Seiko EG&G Co. Ltd., Tokyo, Japan), using Gammastudio
(Seiko EG&G Co. Ltd., Tokyo, Japan) analyzing software. As a standard
radioisotope source, MX033U8PP (The Japan Radioisotope Association,
Tokyo, Japan) was used for efﬁciency calibration. Measured radioactivity of 137Cs was decay-corrected to the sampling date and uncertainty of
137
Cs measurements was 4% for both detectors.
Particle size analyses were performed for each subsection of the
cores with a laser diffraction particle size analyzer (SALD-3100,
SHIMAZU, Kyoto, Japan) at NIES without ultrasonic dispersion and
adjusting the suspended concentration to ca. 100 mg L− 1. As water
ﬂow velocity decreased in the lake, ﬁne-sized particles are preferentially
transported downstream. Therefore, for organic matter analyses, all
samples were sieved to b 63 μm to remove small stones and coarse vegetation debris, and to avoid sorting effects when comparing sediment
cores recovered at different distances from the main inlets. Samples
were ﬁrst dry-sieved to b2 mm and thoroughly homogenized. Thereafter, subsamples were wet-sieved to b63 μm with deionized water. The
b63 μm fractions were ﬁnely ground and homogenized with an agate
mortar, weighed, and packed for analyses into tin capsules. Forty percent of the samples were randomly selected and treated with a 10%
HCl solution to test for the presence of carbonate minerals. As there
was no CO2 bubbling in any of the samples, which would reﬂect dissolution of carbonate minerals, it was concluded that the carbon associated with particulate matter was organic in nature (Gourdin et al., 2015).
X-Ray powder diffraction patterns of selected samples were also performed to control the possible occurrence of carbonate minerals (e.g.
Brindley and Brown, 1982). The major diffraction peaks, typical for the
most common minerals, calcite at 3.035 Å (104), aragonite at 3.39 Å
(111) and 3.27 Å (021) and dolomite at 2.888 Å (104), were not detected at the 2% uncertainty level. Therefore, no treatment for carbonate removal was performed.

A continuous ﬂow Elementar® VarioPyro cube analyzer coupled to a
Micromass® Isoprime Isotope Ratio Mass Spectrometer (EA-IRMS) at
the Institute of Ecology and Environmental Science (iEES) in Paris was
used for all total organic carbon (TOC) and total nitrogen (TN) elemental and isotopic (δ13C and δ15N) analyses. First, TOC and δ13C were measured for all b 63 μm fractions together with a set of tyrosine standards
(Coplen et al., 1983). A second analysis run was conducted on aliquots
of the same samples after weight optimization for TN and δ15N. Oxygen
for combustion was injected during 70 s (30 mL min−1) and temperatures were set at 850 °C and 1120 °C for the reduction and combustion
furnaces, respectively (Agnihotri et al., 2014). Analytical precision was
determined with the repeated analyses of a tyrosine standard (n =
56), calibrated against international reference standards (Girardin and
Mariotti, 1991). Mean uncertainties were 0.2% for TN, 0.1% for TOC,
0.1‰ for δ13C (vs. PBD) and 0.2‰ for δ15N (vs. Air). All sediment core
data are reported in the supplementary information (Table S1) and
the source dataset is published in Laceby et al. (2016).
2.4. Statistical analyses and source modelling
Prior to modelling source contributions, 137Cs activities were examined in the bulk sediment samples. This analysis focuses on 137Cs (t1/2
ca. 30 years) as the shorter half-life of 134Cs (t1/2 ca. 2 years) has resulted
in ca. 87% depletion of the original fallout in this environment by March
2017 (i.e., 6 years after the accident) compared to only a ca. 13% depletion for 137Cs during this period. After radiocesium activity determinations, TOC, TN, δ13C and δ15N were measured in each core on the b63
μm fractions. All parameters were also plotted together with the source
data set for this particle size fraction (Fig. 2).
Models were then run to quantify particulate matter source contributions to the core material with three different parameter property
combinations: 1) TN and δ15N (the N model); 2) TOC and δ13C (the C
model); 3) all 4 properties (the C + N model). These combinations
were used to incorporate potential differences between modelling carbon and nitrogen separately into an overall model uncertainty estimation. The source contributions to particulate matter in the sediment
cores were modelled for these three different parameter groupings
with a concentration-weighted distribution modelling approach
(Laceby et al., 2015; Le Gall et al., 2016).
Where Ci is the TOC or TN concentration in the sediment core particulate matter, Ssi is the TOC or TN (i) concentration in source (s), Cr is the
carbon or nitrogen stable isotope ratio (r) in particulate matter, Ssr is the
carbon or nitrogen stable isotope ratio (r) in source (s), Wsi is the TOC or
TN concentration in source (s) that is used to weight the respective carbon or nitrogen isotopic ratio (r), xs is the relative contribution of source
(s); and MMD is the mixing model difference that is minimized when
summing absolute values and solving Eq. (1).
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Non-negative constraints were imposed on elemental concentrations and Pearson product-moment correlation coefﬁcients incorporated within-source correlations between source parameters during the
modelling process (Laceby and Olley, 2015). Distributions were ﬁt to
source parameters with Oracle's Crystal Ball Software following the approach of Laceby et al. (2016). For core parameter distributions, normal
distributions were ﬁt around individual core sample parameters by
substituting analytical uncertainty for the parameter standard deviation
similarly to Wilkinson et al. (2015) and Evrard et al. (2016). The model
was run with the Optquest algorithm in Oracle's Crystal Ball Software
(Haddadchi et al., 2014; Foucher et al., 2015; Laceby and Olley, 2015).

Fig. 2. Plot of particulate matter parameters with : A) δ15N vs. TN and B) δ13C vs. TOC for all sediment core samples (UD, MD, DD1 and DD2) together with soil source samples (Forest,
Cultivated and Subsoil from Laceby et al., 2016).

With the Optquest algorithm, the mean and standard deviation for
each source's contribution distribution (xs in Eq. (1)) were simulated
along with all other parameters, solving the model equation 2500
times for each core sample distribution. For these simulations, 2500 random samples (Latin Hypercube – 500 bins) were drawn from each distribution with the objective to minimize the MMD with the different
source contributions. This model solving process was then repeated
2500 times, to reduce the standard error in the model and provide an
additional term for model uncertainty, with the median relative source
contribution (xs) from these 2500 additional simulations used as individual source contributions.
Model run uncertainty was determined by summing the standard
deviation of the individual source contribution with the median absolute deviation (MAD) of these contributions, and the MAD of all the
modelled standard deviation for the additional 2500 model simulations
(Laceby et al., 2015). The mean differences between the different model
runs (i.e. C Model, N Model and C + N Models) were added to their individual uncertainties to provide a cumulative model error that incorporates both the model uncertainty and the differences between the
model runs. Sigmaplot (v. 12.5) was used for plotting data and for statistical analyses except for the Pearson product-moment correlation coefﬁcients, which were conducted in Microsoft Excel with the analysis
took-pack add-in.

3. Results
3.1. Radiocesium activities and sediment grain size
Prominent radiocesium peaks were evident in the MD, DD1 and DD2
cores though not in the UD core (Fig. 3). For the latter, 137Cs activities
started to increase at a sediment depth of 13 cm and gradually increased
to a peak concentration of 12 kBq kg−1 at the top of the core. In the MD
core, 137Cs activities started increasing above 15 cm sediment depth,
and peaked at 54 kBq kg−1 at 10 to 11 cm (dashed line in Fig. 3). Thereafter, the 137Cs activities in the MD core declined to a mean of 28 ±
2.1 kBq kg−1 in the top 9 cm of the core. For the DD1 core, 137Cs activities also started to increase at a depth of 17 cm and peaked at
40 kBq kg−1 at 11 to 12 cm before declining to a mean of 17 ±
2.1 kBq kg−1 in the top 8 cm of this core. For the DD2 core, 137Cs activities started to increase at a depth of 15 cm and peaked at 50 kBq kg−1 at
8 to 9 cm before declining to a mean of 24 ± 2.0 kBq kg−1 in the top
5 cm of the core. For the MD and DD cores, 137Cs activities were reduced
by 47 ± 4% in the upper sections of these cores.
Particle size distributions also varied in the different cores. The mean
D50 of the UD core (63 μm) was greater than that of the other three cores

(MD: 16 μm, DD1: 31 μm, DD2: 24 μm). The D50 of the MD and DD2
cores were the most stable with standard deviations of 3.3 μm and 3.8
μm, respectively, whereas the DD1 and UD cores were more variable
in their depth proﬁles with 10 μm and 31 μm, respectively. The maximum D50 in the DD1 core was 57 μm compared to 138 μm in the UD
core.

3.2. TOC and TN parameters in the sediment cores
Carbon and nitrogen parameters in the sediment cores also varied.
TOC ranged from a mean (±1 standard deviation) of 6.5 ± 1.6% in the
UD core to 4.9 ± 0.7% in the MD core with DD1 (5.8 ± 1.0%) and DD2
(5.6 ± 0.8%) plotting in between. Both DD cores display decreases in
TOC during the 137Cs peak. There was no major discernible peak in the
MD core and the UD core had a peak near 10% TOC at ca. 13 cm depth.
This peak was followed by a decline to ca. 3% around 25–30 cm depth
before increasing to ca. 5% at the base of the core. The UD core had the
most pronounced variations, with TOC content gradually declining
with sediment depth in the other three cores. There was less variation
in TN content between the different sediment cores with mean TN
(±1 standard deviation) in these cores ranging from 0.49 ± 0.04% in
DD2 and 0.49 ± 0.05% in DD1 to 0.42 ± 0.08% in the UD core, with
the MD core plotting in between (0.45 ± 0.04%). The TN concentration
trends generally reﬂected TOC variations with declines in TN during the
137
Cs peak for DD1 and DD2. The exception is the TOC peak in the UD
core that had no equivalent for TN.
Contrasts between the UD core and the other three cores were particularly clear for the TOC/TN ratio. Mean values (±1 standard deviation) for the UD core were 15.3 ± 1.2 compared to 11.0 ± 1.1 for the
MD core, 11.3 ± 0.9 for the DD2 core, and 11.7 ± 1.0 for the DD1
core. The high TOC/TN ratio of the UD core is likely indicative of higher
abundances of uncomplexed organic matter such as leaf litter and vegetation debris, relative to the other three sediment cores, that are characterized by ﬁne-grained soil organo-mineral complexes with low TOC/
TN ratios close to 10 to 12 (the grey shaded area in Fig. 3). When examining TOC and TN more closely (Fig. 4), sediments collected in the shallow environment of core UD plot separately from the others sampled at
deeper water sites. Both parameters are correlated and, for such a relationship, the zero-intercept value of the correlation line reveals the
magnitude of possible inorganic nitrogen excess (Schubert and
Calvert, 2001; Nieder et al., 2011). The zero intercept is lower in core
UD (0.10 ± 0.01, r = 0.98) than for the other three cores (0.17 ±
0.01, r = 0.93), highlighting a composition, more organic in nature
and with a lower clay-bound ammonium content that characterize cultivated soils. When considering both D50 and the TOC/TN ratio, the

Fig. 3. Plots of sediment core variation in 137Cs activity (top horizontal axis) compared to the different parameters discussed in the text (bottom horizontal axis). The dashed red line
indicates the location of the prominent 137Cs peaks and the shaded area represents the TOC:TN ratio between 10 and 12 typical for soil organic matter. (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

sediments in the UD core are comprised of coarser particulate matter
and it is difﬁcult to quantify their sources with mixing models targeting
the b 63 μm size fraction.

Each of the four cores had similar mean δ13C values (±1 standard
deviation), ranging from − 28.3 ± 0.6‰ in the UD core to − 27.5 ±
0.5‰ in the MD core, with the DD1 core (− 27.9 ± 0.5‰) and the

in δ15N throughout the MD depth proﬁle. Of note, the δ13C and δ15N of
particulate matter at the 137Cs peak level are similar to those at the
base of the two DD cores. Cumulatively, the TOC, TN and the isotope
values appear to be more responsive to the 137Cs deposition (e.g. peak
137
Cs) in the two DD cores whereas the MD core has constant parameters throughout the depth proﬁle, and the UD core has a distinct trend
indicative of a different source composition.
3.3. Source soil contribution to particulate matter

Fig. 4. Plot of TOC vs. TN concentrations for all sediment cores with correlation lines. The
plain line ﬁts UD sediment samples and the dash line ﬁts DD1, DD2 and MD sediment
samples.

DD2 core (−28.0 ± 0.4‰) plotting in between. In contrast to TOC and
TN, δ13C increased with the 137Cs peaks in the DD1 and DD2 cores. The
MD core did not have a δ13C response corresponding to the 137Cs
peak, although there was an increase below this peak. There was no immediate change in the UD core δ13C during the 137Cs deposition period,
although a sharp increase can be observed in the lower sections of this
core. In all four cores, δ13C increased with depth by a mean of 1.4 ±
0.2‰ from the top to the base of these cores.
Relative to δ13C, there were greater differences between the individual cores for δ15N. Mean δ15N (±1 standard deviation) ranged from 1.2
± 0.8‰ in the UD core to 4.8 ± 0.4‰ in the MD core. The two DD cores
plotted closer to the MD core with a mean of 4.7 ± 0.9‰ in the DD2 core
and 3.8 ± 1.0‰ in the DD1 core. The δ15N trend in the depth proﬁles
generally follows that of δ13C with increases with the 137Cs peak in the
two DD cores and a mean gradual increase (1.4 ± 0.9‰) in the four
cores. The main difference compared to δ13C was that the increase
with depth was greater in the two DD cores (2.1 ± 0.4‰) compared
to the UD core (0.2‰). Furthermore, there were very limited variations

Bulk organic matter composition parameters provided signiﬁcant
discrimination between the three main sources (Fig. 5). In particular,
all tracer parameters provided signiﬁcant discrimination between forest
and cultivated sources, and also between forest and subsoil sources
(Supplementary information Table S2). Only TOC and TN provided signiﬁcant discrimination between cultivated and subsoil sources. Relative
to sediment sources, particulate matter TN plots generally between forest and cultivated source samples whereas δ15N plots similarly close to
the paddy ﬁelds, though increasingly closer to the subsoil sources (Fig.
2A). Particulate matter TOC plots similarly to TN, between paddy ﬁelds
and forest sources. Core δ13C plots from the lower end of the forest sample range (e.g. UD) towards the cultivated and subsoil sources (e.g. MD
and DD2) (Fig. 2B). With the exception of some UD samples, core samples all plot within the potential source range, allowing for the core particulate matter to be modelled with the source dataset.
Quickly it becomes evident that there was larger cumulative modelling uncertainty for the UD core (24 ± 3%) compared to the other three
cores (10 ± 3%) (Fig. 6). The higher D50 and TOC/TN ratios indicate that
the UD core is comprised of coarser particulate matter, resulting in these
elevated model uncertainties. Accordingly, no cumulative source contributions from this core will be included in the overall model results. For
the other three cores, cultivated sources were the dominant source of
particulate matter, contributing 48 ± 7% of particulate matter, followed
by forest sources (27 ± 6%) and subsoil sources (25 ± 4%).
Forest source contributions were clearly lower during the 137Cs concentration peak in both DD cores though this was not evident in the MD
core, where subsoil source contributions decreased during the 137Cs

Fig. 5. Box plots of each of the particulate matter parameters in the different soil sources of sediments (data in Laceby et al., 2016).

Fig. 6. Plots of 137Cs activities (diamonds) of modelling results (circles with different dashed lines) for A) the UD core, B) the MD Core, C) the DD1 Core, and D) the DD2 Core with the error
bars indicative of the compiled modelled error as outlined in section 2.4.

peak. Conversely, the subsoil source contribution decreased during the
137
Cs peak in the DD1 core with a less obvious impact for the DD2
core. For both the MD and DD1 cores, the contribution of subsoil sources
is greatest at the base of the core. Interestingly, forest sources are the
main source of particulate matter in the DD1 core whereas cultivated
sources are the main source in DD2 core. These variations of source contributions should be considered within their overall uncertainty as most
of the above-mentioned variations occur within the source contribution
uncertainty. Of note, the model uncertainty is elevated in the sediment
cores by adding the individual model uncertainty with the differences
obtained with the various iterations modelled (i.e. C Model, N Model,
and the C + N Model) to incorporate differences in the input parameters. Ultimately, cultivated sources are the dominant source of particulate matter in the Mano Dam catchment followed by forest and

subsoil sources with these latter two sources contributing sediment in
similar proportions.
4. Discussion
4.1. Sources of radiocesium
Three of the cores (MD, DD1, and DD2) exhibited peak 137Cs activities after the accident that quickly receded by ca. 50% in the top sediment layers of the cores reﬂecting the radiocesium wash-off and
migration phase in the Mano catchment following the FDNPP accident.
The peak in 137Cs activities is likely be related to two events: Typhoon
Songda (May 2011) or Typhoon Roke (September 2011). In particular,
Typhoon Roke has been reported to move a signiﬁcant amount of

contaminated sediment downstream (Nagao et al., 2013; Ueda et al.,
2013; Yamashiki et al., 2014). As a rapid decline in radiocesium migration may be expected after a nuclear accident (Garcia-Sanchez, 2008;
Garcia-Sanchez and Konoplev, 2009), this initial peak likely reﬂects initial wash-off and downstream migration of 137Cs during the ﬁrst six
months following the FDNPP accident. Unfortunately, this dataset does
not allow for the identiﬁcation of the typhoon, Songda and/or Roke, responsible for the prominent 137Cs peaks.
4.2. Core parameter variation
A variety of trends were evident in the sediment cores regarding carbon and nitrogen parameters. First, there were clear differences between the UD and the other three cores. The 137Cs depth suggests that
particulate matter deposited at the UD core site involved different processes relative to the other three cores. The particle size distributions indicated that the UD sediment is comprised of ﬁne and coarser sand
relative to the other cores again suggesting that the UD core is controlled by different sedimentation processes than the other three
cores. The elevated TOC/TN ratio in the UD core indicated that it likely
contains coarser particulate organic material (e.g. vascular plant roots
and litter) relative to the other core samples (MD, DD1 and DD2) characterized by a ratio remaining within the 10–12 range of soil organic
matter values. The latter are assumed to correspond to stabilized mineral-bound organic matter as found in a wide range of soils (Hedges and
Oades, 1997; Onstad et al., 2000; Kirkby et al., 2011).
Material deposited at the UD site may reﬂect ongoing, gradual particle-bound radiocesium input in the shallow parts of the reservoir, with
local wetlands acting as a buffer to sediment transport (diCenzo and
Luk, 1997). This supply possibly accounts for the deposition of 137Cs
bound particulate organic matter during low ﬂow periods with total
suspended sediment loads lower than 25 mg L− 1 as reported by
Naulier et al. (2017). Combined with the gradual increase in 137Cs activity, the material may also highlight particle size sorting processes, leading to preferential deposition of coarse particulate organic matter and
sand near reservoir inlets during storm ﬂow events due to the decrease
of stream water velocity when entering the lake. In contrast, ﬁne material (DD and MD cores) settled further downstream in the deep water
columns of the reservoir, as reported for other lakes in SE Asia
(Thothong et al., 2011).
Aside from the larger variation between the UD and the other cores,
there was also variation between MD and the DD cores, and between
the two DD cores. The MD core consisted of the ﬁnest material with
the most consistent TOC/TN ratio throughout the core. Conversely, the
two DD cores had higher D50 and TOC/TN ratios indicative of a coarser
organic material. The MD core was likely sampled at a location where
only consistent ﬁne particle matter settles, whereas the two DD cores
were inﬂuenced by a local tributary, likely the tributary north of their
sampling location (Fig. 1). Differences between the D50 and TOC/TN
ratio in the two DD cores are either related to the inﬂuence of material
deposition from this local tributary, highlighting the potential heterogeneity in particulate matter deposition in reservoirs.
4.3. Tracing particulate matter sources of sediments with organic matter
properties
Due to the low productivity of the lake, inferred from low chlorophyll-a concentration measurements, to the lack of seasonal alternations of lake biomass and terrigenous sediment layers (e.g. Thothong
et al., 2011) that would reﬂect lasting periods of high surface production
and to the connection of sediment deposits with major typhoons, soil
derived organic matter likely represented the major input to lake sediments. However, solely using δ13C values, it is not possible to discriminate the possible contribution of freshwater phytoplankton (Lehmann
et al., 2004; Cailleaud, 2015) from that of soil organic matter (e.g.
Mook and Tan, 1991; Lee et al., 2011; Sakai et al., 2013) as their isotopic

signatures may partly overlap. More accurate identiﬁcation is performed using all the organic matter properties.
Selective degradation of chemical compounds in the water column
and in the superﬁcial sediment layer of the Mano Dam reservoir may
also have modiﬁed the composition of source organic matter
(Colombo et al., 1997; Rontani and Volkman, 2003; Giri et al., 2015;
Chen et al., 2017). There was, however, no clear evidence of any property degradation trend with sediment depth in the cores, such as decreasing hyperbolic proﬁles for TOC concentration (e.g. Emerson, 1985).
Therefore, bulk identiﬁers of terrestrial matter sources in Mano Dam
reservoir sediments likely underwent limited decomposition (Meyers,
1994), keeping their main carbon properties constant (e.g, Nguyen Tu
et al., 2017).
Coupling bulk carbon and nitrogen tracing parameters with other indicators of source dynamics such as biomarkers (Chen et al., 2017) or
compound speciﬁc stable isotopes (Blake et al., 2012; Reiffarth et al.,
2016) should provide additional insight on particulate matter preservation and source dynamics and their potential impact on modelling results. Based on this study, cultivated sources (48 ± 7%) were the
dominant source of particulate material in all three lower dam cores
(MD, DD1, and DD2) with forests (27 ± 6%) and subsoil sources (25
± 4%) having similar contributions (Fig. 6). In these three cores, there
were increases in the cultivated source contributions along with the
peak in 137Cs activities, although this peak was not as distinct as the individual particulate matter parameters as shown in Fig. 3. In the MD and
DD1 cores, there were varying cultivated source contributions throughout the core, which may reﬂect the occurrence of contrasting hydrosedimentary events. Ultimately, the source contributions to particulate
matter sampled in the sediment cores are related to the dynamics of
sediment deposition within the reservoir.
These results are different from those obtained for river systems in
the main fallout-impacted region (Laceby et al., 2016) that reported
subsoils as being the dominant source (45 ± 10%), followed by cultivated (38 ± 19%) and forest sources (17 ± 10%). The increase in cultivated
and forest source contributions to reservoir sediments compared to
those found in other river sections is likely attributed to particle size
sorting effects where the particulate matter traced in the river systems
constituted a coarser particle size fraction than what was traced in the
deep water column of the Mano Dam reservoir. Preliminary measurements carried out in the framework of the AMORAD project (see further
in the acknowledgements) showed that river sediments displayed a
higher D50 (mean: 100 μm) than sediment cores in the Mano Dam reservoir (16–63 μm, this study). Accordingly, different priorities may be
required for managing the deposition of contaminated particulate matter in reservoirs compared to riverine environments.
4.4. Management implications
In the region impacted by fallout from the FDNPP accident, Japanese
authorities have made signiﬁcant progress in the decontamination of
rural residential areas and paddy ﬁelds (Yasutaka and Naito, 2016).
Often, this remediation includes stripping the surface vegetation and
also replacing the top ca. 5 cm of the soil with a new contaminantfree substrate. In total, this decontamination has been estimated to
cost between 1 and 16 trillion yen (e.g. ca. 10–140 billion USD) for ca.
9000 km2 (Yasutaka and Naito, 2016). In the context of this current research, the decontamination of rice paddy ﬁelds should dramatically reduce the amount of radiocesium available for mobilization, transport
and deposition in the region's dams and reservoirs (Evrard et al.,
2016). As cultivated sources were modelled to contribute nearly 50%
of the material sampled in the Mano Dam, this decontamination has signiﬁcant potential to reduce downstream radiocesium contamination.
This is particularly important as these areas are highly connected to
the soil network through irrigation systems. Of note, forest and subsoil
sources were modelled to contribute the other half of particulate matter
deposited in the reservoir and more research is required to further

characterize the forest source contribution as this material has the potential to be an ongoing source of radiocesium contaminated particulate
matter to downstream dams and reservoirs in the region.
The MD and DD cores clearly indicated a signiﬁcant deposition of
radiocesium-contaminated sediment in the Mano Dam reservoir. If the
radiocesium in the Mano Dam cores was only derived from direct atmospheric fallout and with a 1:1 activity ratio of 137Cs/134Cs, we would expect there to be approximately 10 kBq kg−1 of 137Cs in total in the top
5 cm of the sediment cores (Fig. 1) (Chartin et al., 2013). When examining Fig. 6, it becomes quickly evident that there is signiﬁcantly more
radiocesium deposited in the Mano Dam that would be expected from
atmospheric fallout alone. The accumulation of radiocesium-contaminated sediment in the reservoirs in the region impacted by fallout represents an ongoing management challenge, as there are several large
dams with higher activities of 137Cs than the Mano Dam (Fig. 1). Furthermore, there are hundreds of smaller farm dams in the fallout- impacted region, which may be used to irrigate rice paddy ﬁelds, that
may also have been contaminated by the deposition of 137Cs. Together
these water supply reservoirs have potentially trapped signiﬁcant volumes of sediment-bound 137Cs resulting in potential long-term impacts
that will likely require ongoing management and monitoring.

5. Conclusions
Three of the four cores sampled in the Mano Dam reservoir had distinct 137Cs peaks representative of the initial post-accident wash-off
phase. The UD core is likely more representative of the processes
governing coarse materials (e.g. bed load processes) whereas the
other three cores (MD, DD1 and DD2) are representative of the processes governing the downstream transport and deposition of ﬁne soil particles (e.g. b63 μm). The differences in these processes are highlighted
by the 137Cs, D50, and TOC/TN ratios of particulate matter in the latter
three cores compared to the UD core.
Cultivated, forest and subsoil sources all contributed particulate
matter downstream. Cultivated sources were responsible for 48 ± 7%
of the deposited ﬁne particulate matter (e.g. MD, DD1, and DD2
cores), whereas forests contributed 27 ± 6% and subsoil sources contributed 25 ± 4%. The decontamination of cultivated sources in the
Fukushima region should result in a decrease of contaminated matter
deposition in reservoirs. Additional investigations are however required
to understand the potential ongoing source contributions from forested
landscapes in this post-accidental context.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scitotenv.2017.07.205.
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