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ABSTRACT: The Fukushima Dai-ichi Nuclear Power Plants (FDNPPs) accident in 2011 led to
an unprecedented release of radionuclides into the environment. Particularly important are 90Sr and
137Cs due to their known health detriments and long half-lives (T1/2 ≈ 30 y) relative to ecological
systems. These radionuclides can be combined with the longer-lived 129I (T1/2 = 15.7 My) to trace
hydrologic, atmospheric, oceanic, and geochemical processes. This study seeks to evaluate 137Cs,
90Sr, and 129I concentrations in seawater off the coast of Japan, reconcile the sources of
contaminated waters, and assess the application of 137Cs/90Sr, 129I/137Cs, and 129I/90Sr as oceanic
tracers. We present new data from October 2015 and November 2016 off the coast of Japan, with
observed concentrations reaching up to 198 ± 4 Bq·m−3 for 137Cs, 9.1 ± 0.7 Bq·m−3 for 90Sr, and
(114 ± 2) × 10−5 Bq·m−3 for 129I. The utilization of activity ratios suggests a variety of sources,
including sporadic and independent releases of radiocontaminants. Though overall concentrations are decreasing, concentrations are
still elevated compared to pre-accident levels. In addition, Japan’s Environment Minister has suggested that stored water from the
FDNPPs may be released into the environment and thus continued efforts to understand the fate and distribution of these
radionuclides is warranted.

1. INTRODUCTION

The Fukushima Dai-ichi Nuclear Power Plants (FDNPPs)
accident was the largest nuclear disaster since Chernobyl1 and
the greatest uncontrolled direct release of artificial radio-
nuclides into the ocean,2 with contaminated waters containing
137Cs (T1/2 = 30.2 y), 90Sr (T1/2 = 28.9 y), and 129I (T1/2 = 15.7
My), among many other anthropogenic radionuclides (e.g.,
134Cs, 131I, 3H, etc.). Five primary pathways have been
identified that allowed for the release of artificial radionuclides
into the environment as a consequence of the events triggered
by the Tohoku earthquake in March 2011: (i) direct
deposition of radionuclides to the land and ocean via
atmospheric fallout, (ii) direct discharge of spent reactor
cooling fluid into the surrounding waters, (iii) localized
discharges from the surrounding areas of the FDNPPs, (iv)
transportation from land via river runoff, and (v) redissolution
from beach sands as a result of submarine groundwater
discharge.3,4

Although the ocean has a large capacity to disperse and
dilute radioactive contamination, long-lived radionuclides can
persist in the marine environment on time scales long enough
to affect the marine ecosystem and, in turn, human health
through the marine food chain.5 The release of these
radionuclides, although undesirable, allows for the unexpected
opportunity to better understand ocean dynamics through the
use of FDNPPs-derived radionuclides as tracers in the North
Pacific Ocean. This study focuses on 137Cs, 90Sr, and 129I
concentrations and ratios due to their long half-lives, large

volumes of release, and ability to be reliably measured.
Previously, ratios such as 134Cs/137Cs were utilized following
the accident, but 134Cs (T1/2 = 2.06 y) will soon reach
undetectable values in most of the Pacific Ocean due to decay
and dilution.3 For this reason, the utilization of ratios of
isotopes with longer half-lives, such as 90Sr or 129I, is necessary.

1.1. Pre- and Post- FDNPPs Accident Concentrations
of 137Cs, 90Sr, and 129I. The presence of artificial radio-
nuclides in the Pacific Ocean is governed by signals directly
sourced from the FDNPPs accident, as well as by global fallout
from atmospheric nuclear weapons testing that peaked in the
1950s and 1960s. Pre-FDNPPs accident average background
concentrations in surface seawater are estimated to be 1−2 Bq·
m−3 for 137Cs,6 ∼ 1 Bq·m−3 for 90Sr,7,8 and (1−2) × 10−5 Bq·
m−3 for 129I.9,10 Following the FDNPPs accident, significant
attention has been given to understanding the distribution of
FDNPPs-derived 137Cs concentrations. The majority of 137Cs
released in the weeks after the accident was due to atmospheric
and liquid discharges, with estimates of the total amount of
137Cs released to the environment ranging from 19−24 PBq.3

This resulted in an increase of 22−27% from the pre-FDNPPs

Received: August 7, 2020
Revised: October 23, 2020
Accepted: October 26, 2020
Published: November 10, 2020

Articlepubs.acs.org/est

© 2020 American Chemical Society
15066

https://dx.doi.org/10.1021/acs.est.0c05321
Environ. Sci. Technol. 2020, 54, 15066−15075

This is an open access article published under a Creative Commons Non-Commercial No
Derivative Works (CC-BY-NC-ND) Attribution License, which permits copying and
redistribution of the article, and creation of adaptations, all for non-commercial purposes.

D
ow

nl
oa

de
d 

vi
a 

E
D

IT
H

 C
O

W
A

N
 U

N
IV

 o
n 

Fe
br

ua
ry

 9
, 2

02
1 

at
 0

7:
30

:1
9 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jennifer+A.+Kenyon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ken+O.+Buesseler"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nu%CC%81ria+Casacuberta"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maxi+Castrillejo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shigeyoshi+Otosaka"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pere+Masque%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pere+Masque%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jessica+A.+Drysdale"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Steven+M.+Pike"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Virginie+Sanial"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.est.0c05321&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c05321?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c05321?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c05321?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c05321?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c05321?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/esthag/54/23?ref=pdf
https://pubs.acs.org/toc/esthag/54/23?ref=pdf
https://pubs.acs.org/toc/esthag/54/23?ref=pdf
https://pubs.acs.org/toc/esthag/54/23?ref=pdf
pubs.acs.org/est?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.est.0c05321?ref=pdf
https://pubs.acs.org/est?ref=pdf
https://pubs.acs.org/est?ref=pdf
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_ccbyncnd_termsofuse.html


137Cs inventory in the North Pacific Ocean.3,11 Liquid
discharges peaked 3 weeks after the accident, with concen-
trations of 137Cs in seawater near the FDNPPs discharge
channels reaching 68 × 106 Bq·m−3 on 6 April 2011.2

The monitoring of 90Sr has been given significantly less
attention, due to comparatively more complicated methods for
its radiochemical analysis and lower total release compared to
other radionuclides such as Cs. The primary release pathway
for 90Sr was direct FDNPPs liquid discharge of contaminated
cooling water to the ocean, with estimates of total releases
ranging from 0.04 to 1.0 PBq.12,13 Measurements of 90Sr
FDNPPs fallout levels on land were up to 3 orders of
magnitude lower than those of 137Cs, primarily due to the
lower volatility of 90Sr. An additional difference is that 90Sr is
less likely to be accumulated in soil than Cs,3,14 and is largely
soluble in both freshwater and seawater conditions. Seawater
concentrations measured shortly after the accident showed 90Sr
levels up to eighty-five times higher than background
levels.12,15 Although 90Sr levels have been decreasing since
the accident, 90Sr concentrations continue to be above pre-
accident levels and detectable unintended releases occurring
after the initial accident have been observed.16

129I has been less well studied than 137Cs and 90Sr due to its
relatively long half-life and low oceanic inventory (and hence
difficulty to measure). It is estimated that 0.2 TBq of 129I were
released as a result of the FDNPPs accident with continued
observations of 129I above pre-accident levels in the years
following the accident.17−19 The primary sources of 129I to the
environment are a result of nuclear weapons testing and the
reprocessing of spent nuclear fuel, principally in France and the
United Kingdom.20 Like Cs, I is volatile under the conditions
of the accident at the FDNPPs in 2011 and would have been
released both to the atmosphere and as liquid discharges.
Because of its high solubility, long half-life, and prominent
anthropogenic signal, 129I has been used as an oceanographic

transient tracer to study contemporary local to basin-scale
circulation dynamics.9,21

1.2. Activity Ratios to Constrain Sources of Fukush-
ima-Derived Radionuclides. Activity ratios, such as
137Cs/134Cs, 137Cs/90Sr, and 131I/137Cs, have been used
extensively in prior studies to determine the sources of 137Cs
and 90Sr to the marine environment.2,9,14,16,17,22 This is
possible because each source is characterized by distinct
radionuclide ratios which result in measured ratios in the ocean
that can be used to quantify their sources. The two primary
sources of 137Cs, 90Sr, and 129I labeling the waters off the coast
of Japan include global fallout from nuclear weapons testing
(e.g., 137Cs/90Sr ≈ 1.6, 129I/90Sr ≈ 2.3 × 10−5, and 129I/137Cs ≈
7 × 10−6), and releases from the FDNPPs accident.9,12 While
activity ratios from global fallout remain relatively constant in
space and time, ratios of direct releases from the FDNPPs
accident have varied. This can therefore be used as a means of
understanding the specific sources within the FDNPPs: while
initial atmospheric releases had a 137Cs/90Sr ratio of ∼1000 in
March 2011, secondary releases in the form of liquid
discharges to the sea had a lower 137Cs/90Sr ratio of 39 ± 1
and a 129I/137Cs ratio of 4.1 x10−7, decay corrected to the 6
April 2011 liquid discharge peak.3,9,12 Since then, the ratios
have varied greatly from the immediate post-accident ratio,12

either because decontamination activities showed better
performance for some radionuclides compared to others or
because the specific sources of contamination and release
processes from the FDNPPs were labeled by different
radionuclide ratios (i.e., atmospheric release, wastewater, and
groundwater discharge).
This study’s primary objectives are to constrain the sources

and temporal evolution of FDNPPs-derived 137Cs, 90Sr, and
129I as well as assess the viability of FDNPPs-derived activity
ratios as oceanographic tracers. We do so by examining the
temporal evolution and the spatial distributions of 137Cs, 90Sr,

Figure 1. (a) Map off the coast of Japan indicating the sampling area (dashed white box). (b) Sampling stations from cruises in October 2015 (R/
V Shinsei Maru) and November 2016 (R/V Shinsei Maru). The Fukushima Dai-Ichi Nuclear Power Plants are indicated by a gray box.
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and 129I since the FDNPPs accident in seawater considering
previously published and new data from 2015 and 2016. This
analysis includes identifying specific meteorological events and
physical factors affecting radionuclide inputs into the ocean
and assessing the effectiveness of the man-made decontami-
nation systems. We use the 137Cs/90Sr, 129I/137Cs, and 129I/90Sr
ratios to identify the different source terms (i.e., FDNPPs,
weapons testing) of the specific radionuclides and utilize the
evolution of the activity ratios to better understand release
processes.

2. MATERIALS AND METHODS

2.1. Study Area and Sample Collection. New results are
presented from surface seawater samples that were collected
during two cruises off the coast of Japan in October 2015 and
November 2016 (R/V Shinsei Maru). Sampling stations
(Figure 1) were located between ∼1 to ∼160 km offshore of
the FDNPPs. Sample collection consisted of on-board
collection via the ship’s flow-through system, off-board
collection via surface pump, and collection via CTD rosette
equipped with Niskin bottles. Our results will be discussed
together with previously published data collected on cruises
from June 2011 (R/V Ka′imikai-O-Kanaloa), September 2013

(R/V Daisan Kaiyo Maru), May 2014 (R/V Shinsei Maru),
and October 2014 (R/V Shinsei Maru).9,12,16,23 The cruises
performed after 2012 revisited the same stations on an annual
basis, therefore allowing for characterization of the time-
evolution of radionuclide distribution in this specific domain
(Figure 1b).

2.2. Radiochemistry and Measurement of 137Cs, 90Sr,
and 129I. Seawater samples for 137Cs and 90Sr were collected
and stored in 20 L cubitainers. Before the initial chemical
separation, Cs (0.5−0.7 mg) and Sr (∼200 mg) stable carriers
were added to the samples to determine extraction recovery via
inductively coupled plasma mass spectrometer (Thermo iCAP
Qc). Seawater samples were initially passed through a
precolumn 20 μm frit. Cs was then extracted via absorption
onto columns containing 5 mL of KNiFC-PAN ion absorber
resin (Czech Technical University, Prague). The resin was
then dried at low temperature (<60 °C) for γ-counting on
high-purity germanium well detectors.24−26 The minimum
detectable activity (MDA) for 137Cs range was from 0.1−0.2
Bq·m−3 for average counting times of 50 h. Concentration
uncertainties were calculated via propagation of uncertainties
in count rate and detector calibrations. The extraction recovery
for Cs was 91 to 99% across all samples, and the loss of Sr
through the KNiFC-PAN resin was, on average, < 4%.

Figure 2. Concentrations of 137Cs (a,d), 90Sr (b,e), and 129I (c,f) in surface waters in October 2015 (upper plots) and November 2016 (lower
plots). Pre-FDNPPs concentrations from literature (decay corrected to time of sampling) are 1−2 Bq·m−3 for 137Cs,6 ∼1 Bq·m−3 for 90Sr,7,8 and 1−
2 × 10−5 Bq·m−3 for 129I.9,10 Note the difference in scales. Highest concentrations are indicated. The location of the FDNPPs is indicated by a gray
square. Plots generated using Ocean Data View.31
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90Sr activity was determined via isolation and measurement
of its daughter product, 90Y (T1/2 = 64.1 h). Upon Cs
extraction, the 20 L water samples were left undisturbed for at
least 28 days in order to re-establish secular equilibrium
between 90Sr and 90Y. Prior to chemical extraction, samples
were spiked with 10 μg of a stable Y carrier. Samples prior to
2016 were analyzed using the procedure outlined in
Casacuberta et al. (2013) via coprecipitation with iron
hydroxides and purified using anion (Bio-Rad AGI-X8, 100−
200 mesh) and cation (Bio-Rad AG50W-X8, 100−200 mesh)
ion-exchange columns.27 Samples analyzed in 2016 and
onward were analyzed via an adapted method from Tazoe et
al. (2016),28 which reduced the presence of competing beta
signals (refer to S1) by utilizing Eichrom DGA resin 1 mL
cartridges. Postcolumn samples were filtered through a 25 mm
QMA filter, dried, and fixed onto beta mounts that were
counted for 90Y on Risø beta detectors (Risø National Lab;
Roskilde, Denmark). Aliquots were taken before and after
chemical isolation for stable Y to determine extraction recovery
via iCAP QC, with Y recoveries ranging from 48% to 98%. The
MDA ranged from 0.2−0.4 Bq·m−3 for an approximate average
90 h counting time.

129I seawater samples were collected and stored in 0.4 L
amber bottles until processing. Seawater samples ranging from
0.2−0.4 L were spiked with a Woodward stable iodine carrier
(1−1.5 mg of 127I). All iodine species in the samples were first
oxidized to iodate using Ca(ClO)2 and subsequently trans-
formed to iodide using 1 M [NH2OH]·HCl together with
Na2O5S3. Thus, all iodine species are in iodide form before
purification with BioRad 1 × 8 analytical grade resins and
precipitation as AgI using a solution of AgNO3. The

129I/127I
ratio was determined for each sample using the ETH Zurich
0.5 MV AMS system Tandy, which allowed for the estimation
of final 129I concentrations. The measured 129I/127I ratios were
normalized to the ETH Zurich in-house standard D22 with a
nominal ratio 129I/127I of (50.35 ± 0.16) × 10−12.29 Final
concentrations of 129I were calculated from the blank corrected
129I/127I ratios and the known amount of 127I carrier.30 More
information on all radiochemical analyses can be found in S1.

3. RESULTS

At the time of sampling, surface concentrations of 137Cs ranged
from 2.1 ± 0.1 to 198 ± 4 Bq·m−3 in 2015 and 2.0 ± 0.1 to
29.0 ± 0.7 Bq·m−3 in 2016 (Figure 2a,d). Results of 90Sr
ranged from 0.3 ± 0.2 to 9.1 ± 0.7 Bq·m−3 in 2015 and from
0.6 ± 0.1 to 2.3 ± 0.2 Bq·m−3 in 2016 (Figure 2b,e). Surface
129I ranged from (1.52 ± 0.06) × 10−5 to (114 ± 2) × 10−5 Bq·
m−3 in 2015 and (1.9 ± 0.2) × 10−5 to (80 ± 1) × 10−5 Bq·
m−3 in 2016 (Figure 2c,f). Highest concentrations were always
observed at station 1, the station nearest (∼1.6 km) the
FDNPPs. A full list of results can be found in S3.
We calculated the 137Cs/90Sr, 129I/137Cs, and 129I/90Sr

activity ratios using data obtained in 2015 and 2016 (Figures
3 and 4c) to provide insight into the sources of artificial
radionuclides off the coast of Japan. The 137Cs/90Sr ratio
shifted from 104 ± 6 in October 2015 (dominated by an event
on 10 October 2015, described later) to 16.0 ± 0.4 in
November 2016 for surface samples less than 10 km from the
FDNPPs (Figure 3). The 129I/137Cs and 129I/90Sr ratios within
10 km of the FDNPPs also varied greatly from 2015 to 2016.
The 129I/137Cs ratio increased from (0.090 ± 0.001) × 10−5 to
(1.9 ± 0.2) x10−5, and the 129I/90Sr ratio similarly increased

from (9 ± 1) × 10−5 to (36 ± 7) × 10−5. There exists an
outlier sample in the 2015 data, which has a 137Cs/90Sr ratio of
5.4 ± 0.2, 129I/137Cs ratio of (2.3 ± 0.5) x10−5 and 129I/90Sr
ratio of (12.5 ± 0.7) x10−5.

4. DISCUSSION

4.1. Constraining Sources of 137Cs, 90Sr, and 129I off
the Coast of Japan in 2015 and 2016. In samples collected
over 10 km away from the FDNPPs (not included in the linear
regressions in Figure 3), activity ratios are comparable to pre-
accident levels and are likely dominated by waters that
originate from the open ocean and have not come into contact
with the FDNPPs site. Samples near the FDNPPs exhibiting a
very low 137Cs/90Sr ratio would be indicators of 90Sr accidental
releases similar to those that occurred in December 2011 and
March 2012,15,16 denoted in Figure 4c; however, similar
observations were not seen in data from October 2015 and
November 2016. It is likely that the sporadic change over time
is due to variable and independent releases of both 137Cs and
90Sr from the reactor facilities, with large variations in 137Cs
dominating the observed ratio (as shown in Figures 3 and 4).
This is partly caused by the distinct efficiencies in the removal
of different radionuclides via various decontamination systems
(see Section 4.4).
The 129I/137Cs ratio (Figure 3c) immediately after the

accident as measured in seawater was 4.1 × 10−7: a sharp
decrease from the pre-accident ratio of 7 × 10−6 that can be
explained by the large amount of 137Cs released relative to
129I.9 A previous study by Casacuberta et al. reported that the
129I/137Cs ratios in seawater may decrease over time due to the
higher particle scavenging efficiency of 137Cs compared to 129I,
although it was noted in this study that the distribution
coefficients for 137Cs (Kd = 2000 L/kg) and 129I (Kd = 70 L/
kg) are both relatively low and that scavenging may have little
or no measurable impact compared to transport by water
currents over time scales of several years.23 On the basis of the
high variability of average 129I/137Cs ratios between sampling
times, preferential Cs scavenging is likely not an explanation
for the changing 129I/137Cs ratios. Indeed, it has been found
that coastal sediments near the FDNPPs selectively release 129I
over 137Cs.32 The most likely explanation is ongoing variable
releases of 129I while 137Cs is more effectively being removed
via radionuclide decontamination systems at the FDNPPs,
thereby leading to an increase in the 129I/137Cs ratio. The
129I/90Sr ratios (Figure 3d) were similarly higher in 2016 (36 ±
7 × 10−5) than 2015 (9 ± 1 × 10−5). This gives credence to
the notion that 129I is released sporadically and independently
of other radionuclides such as 90Sr, which is sourced from the
FDNPPs site and at least partially removed via decontamina-
tion systems (further discussed in Section 4.4 and S2).
Uniquely interesting are the near-shore samples collected on

10 October 2015 (Figure 3, blue triangles), since their
radionuclide levels, particularly 137Cs (46−198 Bq·m−3), are
elevated. Samples from this date dominate the higher
components of the 137Cs/90Sr ratio (Figure 3a) and
correspondingly lower 129I/137Cs and 129I/90Sr ratios. If these
samples were directly affected from releases from the FDNPPs,
one would expect a lower 137Cs/90Sr ratio and a higher
129I/137Cs ratio. The samples that exhibited the elevated
contamination were from stations 1, 6, and 7, which are the
stations closest to the shore. As discussed by Sanial et al.
(2017), high 137Cs concentrations are found in sands and
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sediments on beaches as far away as 56 km from the reactor,
which can subsequently be carried by along-shore coastal
currents.33 Alternatively, sandy sediments tend to selectively
release 129I over 137Cs and thus have lower 129I concentrations
as iodine binds to organic matter in the soil and is removed

from seawater.32,34 This would result in a lower 129I/137Cs ratio
compared to the direct liquid discharges from the power plant.
There also exists an anomalous sample from 2015, which has

much higher levels of 90Sr (9.1 ± 0.7 Bq·m−3) and 129I (114 ±
2 × 10−5 Bq·m−3) as compared to the rest of the data from

Figure 3. (a) 137Cs vs 90Sr concentrations in surface seawater from 2015 (blue) and 2016 (red) cruises. (b) Inset of part a with focus on lower
values (137Cs < 30 Bq·m−3 and 90Sr < 3 Bq·m−3). (c) 129I vs 137Cs and (d) 129I vs 90Sr from 2015 (blue), and 2016 (red). Linear regressions for
2015 and 2016 surface seawater samples within 10 km of the FNDPPs are shown on the plots. Solid gray line represents pre-FDNPPs accident
background ratios as a result of weapons testing (using values of 2 Bq·m−3 for 137Cs, 1 Bq·m−3 for 90Sr, and 2 × 10−5 Bq·m−3 for 129I). Dashed gray
line represents the ratio of the initial atmospheric release from the FDNPPs accident (e.g., March 2011). Dotted gray line indicates the ratio at the
peak of the liquid release from the FDNPPs accident (e.g., April 2011). Shaded bars represent uncertainty.

Figure 4. Time series analysis of 137Cs and 90Sr in surface seawater from publicly available data from the Japanese Atomic Energy Agency (black,
gray, and white circles for <2 km, 2−10 km, and >10 km, respectively) and from selected cruises (blue circles, detailed in Section 2.1).9,12,16,23,30

Points within the dotted black ellipses represent previously acknowledged accidental releases.16 Red lines indicate pre-accident values (i.e., weapons
testing derived values) with a shaded bar representing uncertainty.
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2015 and 2016. This sample, taken closest to the reactor at
station 1, suggests that elevated levels of radionuclides were
still leaking directly from the FDNPPs area into the
environment in 2015. It is important to note that the activity
ratios can vary within a very short time span, as is the case here
with variations within days or hours. Small scale variability due
to coastal currents and tides will undoubtedly add to variability
in radionuclide ratios that cannot be resolved with existing
sampling resolution.
4.2. Spatial and Temporal Distribution of 137Cs, 90Sr,

and 129I off the Coast of Japan (2011−2017). 137Cs and
90Sr concentrations in surface water samples collected during
several cruises off the coast of Japan in June 2011, September
2013, and October 2014 showed elevated concentrations of
radionuclides in surface seawater near the FDNPPs (Figure 4,
blue circles), with concentrations decreasing with distance
from the FDNPPs.12,16 Results for 137Cs and 90Sr from cruises
in 2015 and 2016 show a similar spatial pattern (Figure 2),
with maximum observed values far lower than values observed
immediately following the accident. In addition to the annual
data taken from cruises off the coast of Japan, the Japan Atomic
Energy Agency (JAEA) has regularly compiled and publicly
reported monitoring data from a variety of agencies, notably
the Tokyo Electric and Power Company (TEPCO) and the
Fukushima Prefecture, for 137Cs and 90Sr in surface waters
surrounding the FNDPPs since the accident. Waters less than
2 km away from the FDNPPs show higher than pre-accident
levels by an order of magnitude through 2017. Persistently
elevated concentrations indicate ongoing releases from the
FDNPPs at the time of this study’s sampling of surface
seawater. It is worth noting that the concentrations recorded
are higher than those predicted by model simulations that
consider advection and mixing and assume no substantial
releases of radionuclides post-FDNPPs disaster.35,36 More than
2 km away from the FDNPPs, values for 137Cs and 90Sr more
closely resemble pre-accident levels, likely indicating that such
releases are diluted due to offshore water transport.

There has been a reduction in the spatial and temporal
monitoring of 137Cs and 90Sr monitoring over time, particularly
toward the end of 2015 with continued monitoring focusing on
the area directly adjacent to the power plant. In addition to a
reduced frequency in observation, JAEA data has limited
information on sample uncertainties as well as variable
minimum detectable activities (MDAs), some of which are
higher than pre-accident concentrations. For example, the
average MDA for TEPCO, which supplies monitoring data to
JAEA, was up to the order of 104 Bq·m−3 for 137Cs for the first
couple of months after the accident: 3 orders of magnitude
higher than pre-FDNPPs levels. MDAs for TEPCO continued
to be up to the order of 103 Bq·m−3 for years after the accident.
While certainly MDAs are high due to low volume sampling
and short counting times in order to run as many samples as
possible immediately after the accident, this leads to certain
bias in the interpretation of TEPCO data. Despite this, JAEA
reported observations remain useful in the interpretation of the
changing patterns of radionuclide releases from the FDNPPs.

129I was sampled during cruises in June 2011, September
2013, May 2014, October 2014, October 2015, and November
2016, with the highest levels observed during these cruises
occurring at stations near the FDNPPs.9,23,37 It is important to
note that observed 129I concentrations immediately after the
accident were only up to an order of magnitude above pre-
accident concentrations.9 Unlike 137Cs and 90Sr, 129I is not
actively monitored by the JAEA, thus precluding inclusion of
129I in Figure 4 and Figure 5.

4.3. Impacts of Storms on the Distributions of 137Cs,
90Sr, and 129I. To determine factors that affect radionuclide
surface concentrations, it is necessary to also consider wind,
precipitation, and storm events, as they have the potential to
increase transport of radionuclides from terrestrial or near-
shore sources to the open ocean via runoff and mixing. To this
end, within a local scale (e.g., 1.5 km) of the FDNPPs, we
compare 137Cs and 90Sr concentrations in surface seawater with
precipitation, wind, and typhoon events at Station Namie38 in

Figure 5. Surface seawater concentrations from publically available data15 (red circles) and select cruises12,16 (blue squares) of 137Cs (top panel)
and 90Sr (bottom panel) within 1.5 km of the FDNPPs plotted with wind speed (m·s−1) 10 m above the ground and average daily precipitation
(mm) at Station Namie38 in the Fukushima Prefecture, Japan. Typhoon events highlighted in red are as follows: Man-yi (Sept 2013), Wipha (Oct
2013), Phanfone (Oct 2014), Etau (Sept 2015, a severe tropical storm), Choi-Wan (Oct 2015, a localized tropical storm), and Malakas (Sept
2016).
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the Fukushima Prefecture for the time period between 2013
and 2016 (Figure 5). Elevated 137Cs concentrations show a
significant (p-value <0.05) trend with high wind and high
precipitation, especially during typhoon events (Figure 5, top
panel). The exception to this is Typhoon Phanfone in October
2014, although sampling of 137Cs was very infrequent during
this time compared to other times and may be a less accurate
reflection of 137Cs surface concentrations. As previously
mentioned, high 137Cs concentrations (46−198 Bq·m−3)
were observed in coastally derived turbid waters on 10
October 2015. A possible explanation for this is groundwater
discharge and coastal mixing caused by tropical storm Choi-
Wan, which passed over the coast of Japan just days before the
2015 cruise. It is further postulated that elevated Cs during this
event is due to high runoff; as previously observed in river
studies, Cs is desorbed from fine soil particles during high
precipitation events.39−41 Suspended particles carried from
land are estimated to desorb a few to 40% of 137Cs in the
suspension as salinity increases.42,43 The ratio of 129I/137Cs in
suspended particles of rivers is lower than that of marine
sediments and should be considered as another process for
selectively supplying 137Cs to coastal seawater.32

Although there exist samples that show elevated 90Sr values
during events of high wind or precipitation, there is not a
significant relationship between high wind or precipitation with
elevated 90Sr concentrations (Figure 5). Perhaps this is not
surprising, as the amount of 90Sr deposited to land is small
compared to 137Cs.3,12 Increased mixing and groundwater
movement influenced by high winds and high precipitation are
hence not considered to be significant contributors to elevated
90Sr concentrations in 2015. However, overflow of catchment
basins in storage units on the grounds of the FDNPPs
containing 90Sr is thought to be one source of elevated activity
during times of high precipitation,44 though this is not
observed in our larger data set.
The effects that specific events can have on the

concentrations of the radionuclides in seawater can also be
illustrated by the data obtained when sampling just before and
after a 7.4 magnitude earthquake and a subsequent 1.4 m
tsunami which occurred on 22 November 2016 with an
epicenter offshore of the Fukushima Prefecture. Samples were
taken at stations near the FDNPPs the day before, the day
after, and 2 days following the earthquake (Figure 3b, black
squares). No increases in radionuclide concentrations were
observed as a result of this minor tsunami (see S3 for more
specific information). This is a likely reflection of uncon-

taminated offshore waters diluting waters at station 1, rather
than the potential of radionuclide release to the environment.

4.4. Effectiveness of man-made decontamination
systems. The observed decrease in radionuclide concen-
trations over time cannot exclusively be explained by natural
processes described above (i.e., radioactive decay, dilution,
scavenging, absorption by organic compounds, etc.). The
implementation of decontamination systems, mostly by the
end of 2015 (described in S2), may explain discrepancies or
unresolved patterns observed for these radionuclides. This is
particularly relevant for 90Sr which, unlike 137Cs and 129I, is
neither abundant on land nor in coastal sediments, as reflected
in the 137Cs/90Sr ratio being consistently above background
ratios after fall 2015 (Figure 4c). Additionally, 90Sr
concentrations more than 2 km away from the FDNPPs
were similar to background levels by the end of 2015, unlike
137Cs (Figure 4). However, decreased sampling regularity by
the JAEA and affiliated government organizations makes it
difficult to determine the effectiveness of these actions.44 It is
also difficult to infer the effectiveness of decontamination
efforts on a cruise-to-cruise basis, as activity ratios vary greatly
across cruises (Figures 3 and 4c).45 Despite the introduction of
these decontamination efforts, elevated radionuclide levels in
surface waters off the coast of Japan were still observed by the
end of 2016. In addition, Japan’s Environment Minister has
suggested that stored water from the FDNPPs may be released
into the ocean in the future due to limitations in water storage
capabilities.46,47 For these reasons, this work and continued
monitoring are important to understand the transport and fate
of these radionuclides.

4.5. Viability of Fukushima-Derived Activity Ratios as
Oceanographic Tracers. Estimates of the total amount of
137Cs released to the environment across multiple models
converge around 15−20 PBq within the first few weeks of the
accident, whereas total subsequent releases are estimated to be
orders of magnitude lower.2 This decreasing trend is similar for
90Sr and 129I.16.23 Consequently, the vast majority of the
FDNPPs signal in the Pacific Ocean will be dominated by
activity ratios originating from the initial FDNPPs release,
except very near the coast of Japan. Thus, only the initial
137Cs/90Sr ratio of 39 ± 1 is a reliable tracer for contaminated
seawater into the greater Pacific Ocean. The 129I/137Cs ratio
was also thought to be a potentially viable tracer, with an initial
seawater ratio of 4.1 × 10−7.3,9 However, the amount of 129I
derived from the FDNPPs accident and later releases is only 2

Table 1. Summary of 137Cs, 90Sr, and 129I Contributions via Various Source Inputs Described in This Study and Their
Corresponding Activity Ratiosa

aThe ■ symbol indicates no significant change between pre-event or system and post-event or system was observed. The symbols ↑ and ↓ indicate
the increased or decreased supply, respectively, of radionuclides for each release mechanism or source in both concentrations and ratios. The -- line
indicates missing or inconclusive data.
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orders of magnitude higher than the global fallout signal,
making this FDNPPs pulse of 129I from 2011 very difficult to
trace farther out into the Pacific Ocean. While the initial ratios
dominate the signals of FDNPPs-derived radionuclides
throughout the Pacific Ocean, those observed during
subsequent and smaller releases (as summarized in Table 1)
from the FDNPPs give insight into processes and sources
occurring near the coast of Japan. In the case of this study,
these ratios have already shown themselves useful in tracing
sources and pathways of contaminated waters from the
FDNPPs to the coast of Japan. These activity ratios will also
be useful as a baseline in the event of deliberate releases of the
>1 million tons of stored water on site, which itself has the
potential to be a source of new tracers.46−48
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