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Abstract

- Michio Aoyama? - Yasunori Hamajima3 - Akihiko Murata’

Vertical profiles of radiocesium (13*Cs and '¥7Cs) were measured in the western subarctic area of the North Pacific in 2017.
The highest concentration of 134Cs, which was derived from the accident of the Fukushima Dai-ichi Nuclear Power Plant
in 2011, was 0.14 Bq m~ (or 1.19 Bq m~ after the decay correction to the accident date). Although the vertical inventory
of 13*Cs decreased between 2014 and 2017, the inventory in 2017 was larger than that expected. That was probably arose
from the return of some portion of the high-concentration water mass along with the anticlockwise subarctic gyre current.

Keywords Fukushima Dai-ichi Nuclear Power Plant - Radiocesium - Seawater - North Pacific - Western subarctic area

Introduction

A massive earthquake in the North Pacific Ocean off Japan
on 11 March 2011 resulted in serious damage to the Fuku-
shima Dai-ichi Nuclear Power Plant (FNPP1) operated by
Tokyo Electric Power Company (TEPCO). And the conse-
quent giant tsunami enlarged the damage because the FNPP1
is located on the North Pacific shoreline of the Japanese
island of Honshu. Radiocesium ('**Cs and '*’Cs) released
from the damaged FNPP1 to the atmosphere in March and
April 2011 was deposited on land in the eastern area of Hon-
shu island and sea surface in the North Pacific [1, 2]. The
total depositions of FNPP1-derived '**Cs and '*’Cs on land
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were equivalent [3] and have been estimated to be 2.4 PBq
(10" Bq), respectively [4]. On the other hand, the estimate
of the total deposition of '**Cs or *’Cs in the ocean ranges
between 10 and 20 PBq [5-9]. That suggests that 10-20%
of the radiocesium released to the atmosphere was deposited
on land in the eastern area of Honshu island and the rest
(80-90%) was deposited in the North Pacific Ocean.

The radiocesium measurements in the coastal area by
TEPCO [10] and the Japanese Government [11] revealed
that another major source of radiocesium in the North
Pacific was the direct discharge of radioactive water from the
FNPP1 between late March and early April. The **Cs/!*’Cs
ratio in seawater collected during the coastal observations
was almost 1, which suggests that the activity concentra-
tions of '3*Cs and !*’Cs in the discharged water were also
equivalent as same as those atmospheric-deposited. The
total release of the directly-discharged radiocesium (!**Cs
or '¥7Cs) was estimated to be 2-6 PBq in many previous
studies [5, 6, 12—14]. As a result, the total (atmospheric
deposition and direct discharge) release of '**Cs or '*’Cs
into the North Pacific Ocean was calculated to be 12-26
PBq approximately.

The FNPP1 (37.4°N/141°E) is situated to the north
of the Kuroshio Extension Current around 35°N, which
corresponds to the Kuroshio Front (Fig. 1). The FNPP1-
derived radiocesium directly-discharged and atmospheric-
deposited north of the Kuroshio Front was transported
eastward along with surface currents. In summer 2012,
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Fig. 1 The sampling station
(station CL1, 41°N/150°E)

in June 2017 (the circle, this 45°N

work). Those in previous works
in June 2011 (the diamond)
[18], February 2012 (the
triangle) [19], September 2012
(the squares with a dot) [15],
October 2012 (the square)

40°N

[20], July 2014 (the inverted
triangle) [21], and October
2014 (the inverted triangle with
a dot) [22] are also shown in
this figure. At the stations in
September 2012 and October
2014, only surface seawater was
collected. The star indicates the
Fukushima Dai-ichi Nuclear
Power Plant (FNPP1). This
figure was drawn using Ocean
Data View software [23]

Latitude

35°N

30°N -
135°E

about one and half years after the accident, High activity
concentrations of radiocesium were observed at the sea
surface around 165°E—170°W between 40°N and 50°N
[15]. This high-concentration water mass then reached
stations in the Gulf of Alaska or the eastern subarctic
area in the North Pacific in 2015 [16]. A research paper
recently published [17] suggested that the water mass had
turned to the west and arrived in the northern Bering Sea
by summer 2017 along with the anticlockwise subarctic
gyre current.

As the high-concentration water mass was transported
eastward from Japan to the North American Continent,
the activity concentration and total inventory of the
FNPP1-derived radiocesium increased in the eastern sub-
arctic area of the North Pacific [16]. On the other hand,
these in the western subarctic area decreased between
2011 and 2014 [21]. If the high-concentration water mass
also returned to the western subarctic area along with the
anticlockwise subarctic gyre current in 2017, the FNPP1-
derived radiocesium concentration increased between
2014 and 2017. However, its temporal change after 2014
in the western subarctic area is unknown. Here we present
vertical profiles of 13Cs and '*’Cs in the western subarc-
tic area of the North Pacific Ocean obtained in summer
2017. We discuss the temporal change in the FNPP1-
derived radiocesium after 2014 and the time scale of
the anticlockwise subarctic gyre circulation in the North
Pacific. These discussions are conducive not only to the
physical oceanography but also the ongoing monitoring
of radionuclide concentrations in seawater at stations in
the coastal area of the FNPP1 [10, 11].
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The seawater samples for radiocesium measurement were
collected during a cruise of R/V Hakuho-maru, KH-17-3
in June 2017. Our sampling station locates in the western
subarctic area of the North Pacific Ocean, about 1000 km
away from the FNPP1 (Fig. 1). The seawater samples were
collected from eight layers between the surface (23 m) to
782 m depth using a large-volume sampler (N12-1000,
Nichiyu-Giken-Kogyo) that consists of four 250 L PVC
samplers, a transponder, a motor-driven trigger, pressure/
temperature sensors (RBRduo-TD-Ti sensor, RBR), and a
battery unit. Thus, we conducted two casts with the large-
volume sampler for shallow (23, 63, 102, and 152 m) and
deep samplings (201, 396, 591, and 782 m). The salinity
of the seawater sample was measured using a salinometer
(Autosal Salinometer 8400B, Ocean Scientific Interna-
tional Ltd). The 250 L of seawater was pumped out using
an impeller water pump and filtered through a 0.5 um pore
size wind-cartridge filter (TCW-05 N-PPS, Advantec).
Then, about 40 L of seawater for the radiocesium meas-
urement was collected in two plastic 20 L-containers.

To save the shipping costs of the seawater samples and
the time for sample preparation in our on-shore laboratory,
we conducted cesium separation from the 40 L seawater
sample on board using a preparation device (Fig. 2). 1 mL
of CsCl (07185-08, Kanto Chemical) solution (2.5 mg g'l)
was added into each container and the seawater in it was
mixed well. The concentration of stable '33Cs, as a carrier
for radiocesium, was about 0.1 Cs-mg L™!. The dissolved
(stable and radioactive) cesium in the seawater sample was
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Fig.2 The preparation device on board. a The device contains four
separation lines, each of which consists of a seawater sample (40 L)
with the CsCl carrier, a resin bed (5 mL), a drain tank (50 L), and a
peristaltic pump. b The two 20 L containers for the seawater sample
were connected using a Y-shaped tube. ¢ The KNiFC-PAN resin bed
(5 mL or 1 g dry weight) in a 20 mL plastic cartridge (AC-20-R12,
Triskem International)

separated using potassium nickel ferrocyanate-polyacry-
lonitrile resin (KNiFC-PAN Resin-B NC-B200-M, Lot
FNCM170321, Triskem International) without adjustment
of sample pH. The PAN resin has been used for the sepa-
ration of radiocesium from seawater samples in previous
studies [24—27]. The volume of the resin bed in a cartridge
was about 5 mL (or about 1 g dry weight) and the flow rate
of the seawater sample was 50 mL min~!. The seawater
sample was injected from the bottom of the cartridge to
stir up the resin bed. Before and after the separation, a
small volume aliquot (about 50 mL) of the seawater sam-
ple was withdrawn, respectively. After measurements of
the volume and weight of the seawater sample in a drain
tank (50 L), the seawater samples were spilled on board.
And the resin in the cartridges and the small aliquots were
carried back to our on-shore laboratory.

The carrier (stable cesium) concentration in the aliquot
was measured using an ICP mass spectrometer (ELEMENT
XR, Thermo Scientific). The difference in the concentration
in the aliquot between before and after the separation deter-
mined the separation efficiency (or yield rate) of each resin
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Fig.3 The yield rate (%) of the '**Cs carrier against the flow rate
(mL min™") of 3%-NaCl solution (40 L). The concentrations of
133Cs in the NaCl solution were 0.1 (circles), 0.4 (triangles), and 4.0
(squares) mg-Cs L™!. The resin bed volume was about 5 mL (or 1 g
dry weight)

bed. The yield rate depends on the resin bed volume, flow
rate, and carrier concentration. Because we used well-type
gamma-ray detectors, the bed volume should be less than
5 mL. We measured the yield rates in ranges of the flow rate
(50200 mL min~") and the carrier concentration (0.1-4 mg
L") for the 5 mL bed volume and got the highest yield rate
(about 95%) at 50 mL min~" of the flow rate and 0.1 mg L™!
of the carrier concentration (Fig. 3).

The resin in the cartridge was rinsed with pure water at
50 mL min~! using a peristaltic pump overnight and then
dried at 50 °C in an oven. The dried resin was mixed well
using a vibrator to avoid the inhomogeneous distribution
of radiocesium in the resin. The radiocesium in the resin
bed was measured using low-background gamma-ray spec-
trometers in the underground laboratory of Low Level
Radioactivity Laboratory, Kanazawa University [28]. The
well-type spectrometers were calibrated with gamma-ray
volume sources (Eckert & Ziegler Isotope Products) certifi-
cated by Deutscher Kalibrierdienst. The activities of '**Cs
and '¥7Cs were evaluated from gamma-ray peaks at 605
and 661 keV, respectively. The efficiency and background
counting in the energy range was about 20% and less than
5% 1073 cps, respectively. The gamma counting time was
about 10 days. For the peak from '*Cs, the cascade sum-
ming effect was corrected. The factor for the effect was
about 2, which was calculated as the difference between the
134Cs/'¥Cs ratios at a distance of 15 cm from the detector
and in the well hole of the detector. The averages of the
analytical uncertainties (standard deviations) for the 134Cs
and '*’Cs measurements were calculated to be about 26%
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and 17%, respectively. This total uncertainty was the sum
of those from the gamma counting, the calibration, and the
correction for the summing effect. The large uncertainties
more than 15% arose from the small number of the total
gamma counting. The background concentrations of '**Cs
and '3’Cs in the KNiFC-PAN resin were below the detec-
tion limit (1.1 mBq g~') and 1.6 mBq g™, respectively. The
detection limits of '**Cs and '*’Cs measurements were about
0.05 and 0.01 Bq m™>, respectively, which corresponds to
about 0.4 and 0.01 Bq m™ for the concentrations decay-
corrected to the date of the FNPP1 accident (11 March
2011), respectively. The decay-corrected detection limit
only depends on the half-life and corrects the underestima-
tion of the detection limit for the decay-corrected activity
concentration. The results of the radiocesium measurements
are listed in Table S1.

Results

Before the FNPP1 accident, radiocesium was also released
into the North Pacific Ocean by the atmospheric testing of
nuclear weapons mainly in the 1950s and 1960s. The bomb-
derived '*’Cs remained in the North Pacific at the time of the
FNPP1 accident because its half-life is 30.0 y. The activity
concentration at the surface in the western subarctic area
just before the FNPP1 accident was about 1.5 Bq m~> [29].
In contrast, virtually all the 134Cg released into the North
Pacific before the FNPP1 accident had disappeared because
the half-life of 1**Cs is only 2.07 y. Consequently, **Cs is a
more suitable tracer than '3’Cs for the FNPP1-derived radi-
ocesium. Therefore, we discuss mainly the results of 134
in the following sections.

The FNPP1-derived '3*Cs was still observed in the
western subarctic area in June 2017, about 6 years after

the FNPP1 accident. The highest (0.14 Bq m~?) and low-
est (0.05 Bq m™) activity concentrations were observed
at the surface (23 m depth) and 152 m depth (Table S1),
respectively. Below 201 m depth, the '**Cs concentration
was less than the detection limit (about 0.05 Bq m™>). These
low concentrations resulted from the radioactive decay and
dilution due to the water mixing. The objective of this study
is to elucidate the temporal change in the FNPP1-derived
134Cs due to the water mixing and transport. Therefore, we
discuss the activity concentration of 134Cs (and *’Cs) that
decay-corrected to the date of the FNPP1 accident in the
following sections.

The vertical profile of decay-corrected '**Cs concen-
tration in June 2017 is shown in Fig. 4a (the circles). The
observed highest and lowest concentrations correspond to
1.19 and 0.43 Bq m~> of the decay-corrected concentra-
tions, respectively. Below 201 m depth, the decay-corrected
134Cs concentration was less than the detection limit (about
0.4 Bq m™>). The FNPP1-derived '**Cs had penetrated to
200 m depth at least. The deeper penetration, however, was
uncertain because the detection limit was high. This verti-
cal profile observed in 2017 in the western subarctic area,
north of the Kuroshio Front, was different from those in
the western subtropical area, south of the Kuroshio Front.
In the south, the FNPP1-derived '**Cs had been penetrated
to 600 m depth by 2017 [30]. The deeper penetration of the
FNPP1-derived '*Cs in the south was derived from the sink-
ing (subduction) of the subtropical mode water into the sub-
surface layer (about 300-400 m) [31], which did not occur
in the north of the front.

The decay-corrected '*’Cs activity concentration
decreased with depth from 2.61 Bq m™ at the sea sur-
face to 0.27 Bq m~> at 800 m depth in 2017 (the circles in
Fig. 4b), which indicates that the bomb-derived '*’Cs had
been penetrated to 800 m depth. In the layers shallower than

Fig.4 Vertical profiles of a 0t A <1 b

decay-corrected '**Cs (a) and @

137Cs (b) activity concentration 100 Hoy N>

(Bq m™3) between June 2011 8 A

and June 2017 in the western 200+ T T S8

subarctic area of the North

Pacific Ocean. The symbols are . 300%z1

the same as those in Fig. 1 (the S /

new data in 2017 in this work ..\-E/ 40013/ @ June 2017

are indicated by the circles). 2 W October 2014

The activity concentrations are =) 500 V July 2014
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200 m depth, where the FNPP1-derived '**Cs was detected,
the measured '*’Cs included both the bomb-derived and
FNPP1-derived '3’Cs. The difference between the decay-
corrected 13*Cs (Fig. 4a) and B37¢s (Fig. 4b) activity concen-
trations indicates the decay-corrected concentration of the
bomb-derived '*’Cs (Table S1) because the decay-corrected
concentrations of the FNPP1-derived '**Cs and '*’Cs were
equivalent. The averaged decay-corrected concentration of
the bomb-derived *’Cs in the surface layer shallower than
100 m depth is about 1.3 Bq m™. The averaged value agrees
with the observed concentrations just before the FNPP1
accident [29].

Discussion
Changes in the vertical profile

In Fig. 4a, the vertical profiles and surface concentrations of
decay-corrected '**Cs at stations about 500 km away from
the FNPP1 (Fig. 1) in previous works [15, 18-22] are also
shown. In June 2011, about 3 months after the accident,
the FNPP1-derived '**Cs concentration in the surface layer
shallower than 100 m depth ranged between about 27 and
78 Bq m~>. In April-May 2011, the similar high concentra-
tions of decay-corrected '3*Cs between 20 and 80 Bq m™>
approximately were also observed at the sea surface between
143°E and 148°E in the western subarctic area [19]. These
high concentrations observed within 2 months after the acci-
dent at the stations 500-1000 km away from the FNPP1
were probably derived from the atmospheric deposition. In
June—August 2011, the decay-corrected concentration at the
sea surface increased to 50-110 Bq m™ approximately due
to the eastward transport of the high-concentration water
mass of the directly-discharged **Cs from the coastal area of
the FNPP1 to the sampling area [19]. Then those decreased
to 10-40 Bq m~> approximately in September—December
2011 due to the further eastward transport of the high-con-
centration water mass [19]. Therefore, the >*Cs observed in
June 2011 probably has the two sources, the atmospheric-
deposited and directly-discharged '**Cs.

In February and September—October 2012, the decay-
corrected '2*C concentrations in the mixed surface layer
above 200 m depth were about 25 and 2-14 Bq m~3,
respectively (Fig. 4a). The decay-corrected concentra-
tion of 13*Cs in the shallower layers than 100 m depth in
October 2012 was less than the detection limit. There-
fore, we lined between the concentration at 100 m depth
(5.27 Bq m~3) in October 2012 and the surface con-
centration (2.25 Bq m™) in September 2012 at the sta-
tion (40.4°N/146.8°E) close to the station in October
2012 (Fig. 1). In July 2014, the decay-corrected '3*C

concentration in the surface mixed layer above 200 m
depth ranged between 0.90 and 1.47 Bq m~> (Fig. 4a).
These low concentrations resulted from that the main body
of the high-concentration water mass had been transported
to the central North Pacific Ocean by the summer of 2012
[15]. The stations between June 2011 and July 2014 were
close to each other (Fig. 1). Thus, the observed changes
in the vertical profile during this period indicate the tem-
poral decrease of the FNPP1-derived !**Cs concentration
at the sampling area (38—-41°N/146—-147°E) in the western
subarctic area.

Because our sampling station in June 2017 is about
500 km away from the stations in the previous studies
(Fig. 1), we should consider the spatial variation when we
compare the vertical profiles in June 2017 to those in the
past. In September 2012, the spatial variation in decay-
corrected '3*Cs concentration at the surface was small
(2.25-2.62 Bq m~3) between 146 and 153°E (the squares
with a dot in Fig. 1). Also, the decay-corrected concentra-
tions at the surface in July and October 2014 were almost
equal between 146 and 150°E (the inverted triangle and
inverted triangle with a dot in Fig. 1, respectively). These
results suggest a small spatial variation in decay-corrected
134Cs concentration at the surface between our sampling
station in 2017 and those in the previous studies. There-
fore, we concluded that the decay-corrected '**Cs in the
surface mixed layer above 200 m depth in the western sub-
arctic area decreased from 0.90-1.47 Bq m~ in July 2014
to 0.43—1.19 Bq m~ in June 2017 significantly (Fig. 4a).

The temporal change in the penetration depth of **Cs is
not clear because the detection limits of the '**Cs data in
Fig. 4a are different. However, the small temporal variation
in '37Cs concentration in layers deeper than 400 m depth
between 2012 and 2017 (Fig. 4b) implies that the FNPP1-
derived '**Cs have not penetrated to 400 m depth by June
2017. As seen in the vertical profile in February 2012, the
surface mixed layer deepens to about 200 m depth in the
midwinter in the western subarctic area. As a result, the
FNPP1-derived radiocesium penetrates to the bottom of
the surface mixed layer. However, the pycnocline between
the surface mixed and deeper layers restricts the deeper
penetration. In addition, no mode water transports the
FNPP1-derived radiocesium to the subsurface layer below
about 200 m depth in the western subarctic area. Thereby,
the penetration depth and its temporal change in the west-
ern subarctic area have been shallower and smaller than
those in the western subtropical area, respectively. The
small temporal change in the penetration depth implies
that the dilution of the FNPP1-derived radiocesium in
the surface mixed layer above about 200 m depth in the
western subarctic area has been primarily caused by the
horizontal water mixing rather than the vertical mixing.

@ Springer



Journal of Radioanalytical and Nuclear Chemistry

Changes in the vertical inventory

The vertical water-column inventory (or vertical-accumu-
lated activity per square meter) of the decay-corrected '**Cs
activity concentration from the surface (0 m) to 800 m depth
was calculated from the vertical profiles shown in Fig. 4a
using a simple trapezoid method. The vertical inventory
(Bq m~2) is identical to an area surrounded by the lines of
the '**Cs concentration and zero (below detection level) in
the figure. The vertical inventory decreased exponentially
from 7459 +239 Bq m~2 in 2011 to 283 +45 Bq m~2 in
2014 (Fig. 5). The half-valued period for this decrease was
calculated to be 227 days. If this exponential decrease had
continued to 2017, the vertical inventory would have been
about 10 Bq m~2 in 2017. However, a much larger verti-
cal inventory, 186 +45 Bq m~2 was observed in June 2017,
which suggests additional sources of the FNPP1-derived
134Cs in the sampling area between 2014 and 2017. At sta-
tions closed to the FNPP1, '3*Cs activity concentration at
the sea surface ranged from 10 to 100 Bq m™ between
2014 and 2017 [11]. These concentrations near the FNPP1
were 10-100 times higher than those in our observational
area (Fig. 4a). Although TEPCO denies any leakage of the
radioactive water from the FNPP1 during that period, the
higher concentrations could be explained by the continuous
discharge of the contaminated water. However, these high
concentration water at the stations near the FNPP1 probably
cannot be the additional source at our sampling station about
1000 km away from the FNPP1 (Fig. 1).

10*
o

£
o o
@ 10°
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*g A4
3 []
£ 10°
[72]
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Fig.5 The temporal change in vertical water-column inventory of
decay-corrected '**Cs (Bq m~?) between June 2011 and June 2017.
The symbols are the same as those in Fig. 1 (the new data in 2017 in
this work are indicated by the circle). The inventory in October 2012
was calculated using the data in September and October 2012. The
inventories are decay-corrected to the date of the FNPP1 accident.
The error bar at each station was calculated from the standard devia-
tions of the data at each station (Fig. 4a)
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The second candidate for the additional source of '3*Cs
is the westward transport of the high-'**Cs water mass into
the western subarctic area. The main body of the high-!**Cs
water mass circulated along with the anticlockwise subarctic
gyre current in the northern North Pacific. As mentioned
above, that reached the eastern subarctic area in 2015 [16]
and then the Bering Sea in 2017 [17]. If the forefront of
the water mass had reached the western subarctic area by
June 2017, that could be the additional source at our sam-
pling station. In the eastern subarctic area, the arrival of the
water mass in 2015 resulted in significant increases in the
decay-corrected '3*Cs concentration and vertical inventory
[16]. The concentration and vertical inventory in the western
subarctic area, however, did not increase between 2014 and
2017 (Figs. 4a, 5). That suggests that the main body of the
high-'3*Cs water mass had not reached the western subarctic
area by summer 2017.

The North Pacific subarctic gyre consists of two anti-
clockwise circulations, the western and eastern gyres. The
western gyre current circulates within the western subarc-
tic area between 140°E and 180° approximately in a time
scale of several years. That is shorter than the time scale of
the whole (western and eastern) subarctic gyre circulation,
about 10 years, which was suggested by the transport of the
FNPP1-derived '**Cs as discussed above [15-17]. Therefore,
some portions of the high-concentration water mass prob-
ably circulated in the western subarctic area along with the
anticlockwise western gyre current and retuned our sam-
pling area in the western marge of the gyre within several
years after the FNPP1 accident. In the southern Okhotsk
Sea, the FNPP1-derived **Cs concentration and inventory
increased between 2013 and 2017 [32]. This increase in the
Okhotsk Sea adjacent to the western subarctic area (Fig. 1)
also suggests the return of the FNPP1-derived '**Cs to the
western marge of the western subarctic area and its conse-
quent transport into the Okhotsk Sea by 2017. Therefore, we
concluded that the smaller decrease in '**Cs concentration
than expected at our observational station in 2017 was prob-
ably derived from the return of some portions (not the main
body) of the high-'3*Cs water mass in the western subarctic
area about 6 years after the FNPP1 accident.

Conclusions

The radiocesium derived from the FNPP1 accident in 2011
was still observed in the surface mixed layer above about
200 m depth in the western subarctic area in June 2017,
about 6 years after the accident. The decay-corrected activity
concentration of the FNPP1-derived radiocesium decreased
from 0.90-1.47 Bq m~ in 2014 to 0.43—1.19 Bq m~ in 2017
although its penetration depth did not change significantly.
That implies that the FNPP1-derived radiocesium in the
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subarctic area was diluted due to the horizontal water mixing
rather than the vertical mixing. The vertical inventory of the
decay-corrected FNPP1-derived radiocesium also decreased
from 283 +45 Bqm~2in 2014 to 186+46 Bq m~2 in 2017.
However, the inventory in 2017 was one-order larger than
that expected by the exponential decrease of the inventory
between 2011 and 2014, which indicates additional sources
of the FNPP1-derived radiocesium in the western subarctic
area in 2017. We concluded that the additional source was
derived from the return of some portion of the high-con-
centration water mass to the western subarctic area about
6 years after the accident. The main body of the high-con-
centration water mass, however, had been circulating along
with the whole (western and eastern) subarctic gyre current
and had not returned yet to the western subarctic area by
summer 2017.
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