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ARTICLE INFO ABSTRACT

Keywords: This study examined Pu source terms in the western North Pacific (WNP) based on data collected in 2014 and

Plutonium 2015. The basin wide 2*°Pu/**°Pu atom ratios ranged from 0.227 to 0.263 with an average value of

Pacific Proving Grounds 0.244 + 0.011, consistently higher than that of global fallout (~0.180). The spatial distribution of 2*°Pu/?*°Pu

Fukushima Daiichi Nuclear Power Plant atom ratios showed higher values within the Kuroshio region, the main western ocean boundary current, as

accident " compared to the zone off of the Kuroshio. There was also an overall decreasing trend of >*°Pu/?*°Pu along the

Western North Pacific . . . 239+ 240 s e .

Kuroshio Kuroshio path to its extensions. Pu activities in surface seawater exhibited a wide range from 1.15 to
4.30mBqm ™~ and their spatial distribution showed an increasing trend with latitude. Unlike the *°Pu/?*°Pu
atom ratios, which had heavier isotopic compositions in the Kuroshio mainstream compared to the zone off of
the Kuroshio, the 239 240py activities were higher outside the Kuroshio than within the Kuroshio. These patterns
in both Pu isotopic ratios and activities point towards a unique close-in fallout source, which levels down in its
source term and has a high degree of scavenging during its transport along the Kuroshio, and can be traced back
to a precursor, the North Equatorial Current, which originates near the Pacific Proving Grounds (PPG) with
characteristically higher *°Pu/?*Pu atom ratios. High 2*°Pu/?**Pu atom ratios found in the zone outside the
Kuroshio were transported from the Kuroshio via the formation and circulation of North Pacific Intermediate
Water. We further revealed, using a simple two end-member mixing model, that the PPG source contributed
60 = 13% of the Pu in the Kuroshio zone and 45 * 10% in the zone off of the Kuroshio. Both the comparison of
Pu isotopic composition in the WNP within a radius of 500 km or 1000 km off the Fukushima Daiichi Nuclear
Power Plant (FDNPP) between prior to and post the accident and a simple first order mass balance calculation in
terms of atmospheric deposition and release suggest that the Pu originating from the FDNPP accident, if any, was
either negligible, or the input flux of 23°*24°Pu was too small to significantly alter the Pu isotopic composition in
the ambient seawater.

This article is part of a special issue entitled: “Cycles of trace elements and isotopes in the ocean — GEOT-

RACES and beyond” - edited by Tim M. Conway, Tristan Horner, Yves Plancherel, and Aridane G. Gonzélez.

1. Introduction (Morino et al., 2011; Buesseler et al., 2011, 2017; Yoshida and Kanda,

2012; Kanda, 2013). To date, radioactive contamination from the

The Fukushima Daiichi Nuclear Power Plant (FDNPP) accident oc- FDNPP accident has been extensively investigated for the volatile fis-

curred on March 11, 2011, released a large amount of highly volatile sion products (Buesseler et al., 2011, 2012; Honda et al., 2012; Kanda,

fission products (e.g., *3'1, 32Te, 133Xe, '**Cs and '*"Cs) into the en- 2013; Kaeriyama et al., 2014), but only sparsely for the nonvolatile Pu
vironment (Buesseler et al., 2017 and references therein). Over 80% of isotopes.

atmospheric fallout from FDNPP ultimately released into the ocean The amount of 23°* 24°py released from the FDNPP accident is in the
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range of 1.0-3.5 x 10°Bq based on terrestrial and aerosol samples
collected around the FDNPP site (Zheng et al., 2012, 2013; Schneider
et al., 2013; Yamamoto et al., 2014; Shinonaga et al., 2014; Sakaguchi
et al., 2014). Extremely high activity levels of Pu (~10_3quL_l)
were detected in the radioactive wastewater, such as the stagnant water
in the basement of the reactor building and the concentrated water in
the evaporation-concentration equipment, about six orders of magni-
tude higher than those in the ambient seawater of the western North
Pacific (WNP) (METI, 2013). However, to the best of our knowledge,
there are only very limited studies concerning the Pu isotopic compo-
sition of seawater in the WNP after the FDNPP accident. Sakaguchi
et al. (2012) and Bu et al. (2014a) found no significant variation in the
Pu isotopic composition (**°*2%°Pu activities: 2.15-5.59 mBqm ™3,
240py; /239py atom ratios: 0.181-0.251) within 30-200 km of the FDNPP
site before and after the FDNPP accident based on sampling conducted
in 2011 and 2013. Even within 30 km off the FDNPP site, no significant
Pu signature (**°*2%%py activities: 4.23-5.30 mBqm ~3; 24°Pu/>*°pu
atom ratios: 0.221-0.242) was detectable from the FDNPP accident
during a cruise in 2013 (37°-37.5° N, 141°-141.4° E) (Bu et al., 2015).
Indeed, there was neither indication of any impacts from the FDNPP
accident on the isotopic composition of the Pu along the coast of the
Japanese archipelago (**°*2°pu  activities: 2.4-9.5mBqm 3
240py/239py atom ratios: 0.191-0.255) or in the subarctic region of the
North Pacific Ocean (35-50° N, 140° E-130° W; 2*°*2%py activities:
2.40-2.85 mBq m ~3; 2°Pu/2*?Py atom ratios: 0.18-0.20; 2*'Pu/**°Pu
atom ratios: 6 x 107%-9 x 10~%) (Oikawa et al., 2015; Hain et al.,
2017; Casacuberta et al., 2017). All these studies point towards no
immediate impact of the Pu that was directly discharged into the ocean
from the FDNPP. However, Pu released through atmospheric fallout has
not been assessed in the WNP basin beyond the coast regions off Japan.

In assessing the basin wide impact of the FDNPP in terms of Pu,
another close-in fallout Pu source is well known and should be con-
sidered: the Pacific Proving Grounds (PPG) in the Marshall Islands,
located in the northern equatorial Pacific Ocean. This source term is
characterized by 2*°Pu/?*°Pu atom ratios of 0.30-0.36 (Buesseler,
1997; Muramatsu et al., 2001), which are compared to the feature ra-
tios of 0.30-0.38 from the FDNPP accident (Zheng et al.,, 2012;
Schneider et al., 2013) but higher than the global fallout ratio of
0.180 = 0.014 (Koide et al., 1985; Buesseler and Sholkovitz, 1987;
Krey et al., 1976; Kelley et al., 1999). It is thought that the pathway of
this Pu transport is via the North Equatorial Current (NEC), and sub-
sequently the Kuroshio Current (Bowen et al., 1980). Over the last few
decades, although PPG Pu signatures have indeed been observed in the
WNP (Lee et al., 2004; Yamada et al., 2006; Yamada and Zheng, 2008;
Zheng and Yamada, 2004, 2006) and in its marginal seas (Kim et al.,
2004; Zheng and Yamada, 2005; Wang and Yamada, 2005; Liu et al.,
2011; Wu et al., 2014, 2018), transport along the Kuroshio has not been
fully examined or quantified.

Thus, our study sought to examine Pu source terms in the WNP, and
determine whether there are any indications of the FDNPP's impact on
the WNP basin beyond the coast regions off Japan. Notably, we sampled
along the Kuroshio mainstream starting from the Luzon Strait to south
of Japan. For comparison, the zone off of the Kuroshio was also sam-
pled. Both the isotopic ratio and activity of Pu in the water column were
determined to help elucidate Pu source functions and transport path-
ways, and to evaluate the impact of the FDNPP accident on the WNP
basin.

2. Materials and methods
2.1. Study area

Unique oceanic circulation patterns exist in the WNP, making this
region oceanographically complex. The NEC, which originates in the

equatorial region, is a dominant circulation current in the tropical
North Pacific Ocean. The westward flow of the NEC splits into two
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western boundary currents as it encounters the Philippine coast (Toole
et al., 1990; Qu and Lukas, 2003). The northern branch forms the root
of the Kuroshio and the southern branch becomes the Mindanao Cur-
rent (Qu and Lukas, 2003). The Kuroshio flows northeastward along the
boundary of both the South and East China Seas and the south and east
coasts of Japan (Centurioni et al., 2004; Wang et al., 2011). The Kur-
oshio is known to be an important western boundary current, and plays
a critical role in meridional mass and heat transport (Zhang et al., 2002)
and in modulating the biogeochemistry and ecosystem dynamics in its
adjacent marginal seas (e.g., Dai et al., 2013).

Before the FDNPP accident, Pu was deposited in the WNP mainly as
a consequence of global fallout from atmospheric weapons testing in
the late 1950s and early 1960s (Hirose et al., 1987; Povinec et al.,
2004) and close-in fallout from the PPG in the Marshall Islands where
above-ground nuclear weapons testing was carried out during the
period 1946-1958 (Lee et al., 2004; Yamada et al., 2006; Yamada and
Zheng, 2008; Zheng and Yamada, 2004, 2006). Therefore, the dis-
tribution of 23°*240py activities showed considerable temporal and
spatial variation; for example, 2*°*24°py activities in WNP surface
waters decreased exponentially from 10-50 mBqm ™2 in the 1960s to
2.4-3.8 mBq m~3 during the 2000s (Povinec et al., 2004; Hirose et al.,
2006), and 239 240py activities of surface seawater in the northern area
of the Kuroshio were higher than those in the southern area of the
Kuroshio (Povinec et al., 2004). Temporal changes in 23°*2%°py activ-
ities are determined by the apparent residence time of Pu
(12 = 3years), radioactive decay, and lateral and vertical removal
processes (Hirose and Aoyama, 2003a; Povinec et al., 2005; Oikawa
et al., 2015). Before the FDNPP accident, 23°*240py activities in surface
seawater were estimated to range from 1.0 to 2.5mBqm ™~ in the tro-
pical and subtropical regions (south of the Kuroshio) and from 1.5 to
5.2mBqm ~° in the transition area (north of the Kuroshio) (Hirose and
Aoyama, 2003b). 2*°Pu/?*?Pu atom ratios from WNP surface seawater
measured during the period 2000-2010 ranged from 0.199 to 0.246,
with a mean value of 0.234 *= 0.025 (Lee et al., 2004; Yamada et al.,
2006; Yamada and Zheng, 2008; Zheng and Yamada, 2004, 2006;
Oikawa et al., 2015; Bu et al., 2015).

2.2. Sample collection

Nine samples were collected along the Kuroshio, and five additional
samples from the outside the Kuroshio have been included for com-
parison. Samples were collected onboard the R/V Kexue I in the spring
and winter of 2014 and onboard the R/V Dongfanghong II in the spring
of 2015. The 2014 spring cruise is described elsewhere (Wu et al.,
2018). To better represent the goals of this study, we renamed the
stations in the Kuroshio mainstream zone Stns. K1-K9, and those off of
the Kuroshio zone Stns. P1-P5 (Fig. 1). Basic sampling information is
presented in Supporting Information (SI) Table S1. In the tropical re-
gion (10°-20° N), Stn. K1 was sampled in spring 2014, and Stns. K2, P1
and P2 were sampled in winter 2014. In the subtropical region (20°-35°
N), Stns. K3-K5 were sampled in spring 2014, and Stns. K6-K9, P3 and
P4 in spring 2015. Stn.P5 in the transition area (35°-40° N) was sam-
pled in spring 2015. Two deep water samples at 200 and 500 m were
collected at Stn. K8 in spring 2015 in Niskin bottles in a con-
ductivity-temperature-depth (CTD) rosette system. The remaining
samples were all collected from the surface using a built-in pumping
system. Upon collection, an approximately 100 L unfiltered seawater
sample was acidified with concentrated HNO3 to a pH of ~1.6 for
subsequent sample processing and Pu isotope measurements.

2.3. Sample processing and Pu isotope analysis

The sample processing and analytical procedures used for Pu iso-
topes are described in detail elsewhere (Bu et al., 2014a; Wu et al.,
2018). In brief, a known amount of 2**Pu (IRMM-085, European
Commission Joint Research Centre, Belgium) was added to the seawater
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Fig. 1. Map of the western North Pacific Ocean
showing a schematic chart of the North Equatorial
Current-Kuroshio, and the location of the Pacific
Proving Grounds (PPG) and Fukushima Daiichi
Nuclear Power Plant (FDNPP). The PPG (red tri-
angle) is located in the Marshall Islands and the
FDNPP (pink square) is located in the Fukushima
prefecture adjacent to the western North Pacific. The
red dashed lines represent the North Equatorial
Current and Kuroshio Current. Green triangles and
yellow circles represent stations where seawater
samples were collected in May and November 2014,
respectively; and red squares represent stations
where seawater samples were collected in April
2015. The water column was sampled at Stn. K8.
(For interpretation of the references to color in this
figure legend, the reader is referred to the web ver-
sion of this article.)
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samples as a yield determinant. The Pu in the spiked sample was co-
precipitated with ferric hydroxide by adding ~10 mL of an Fe** solu-
tion (15.5mgmL~') and adjusting the pH to ~9 with the addition of
concentrated NH4OH. The precipitate was then dissolved in 20 mL of
8 M HNOs, and the valence state of Pu was adjusted to Pu** by adding
NaNO,. The Pu in the solution was subsequently purified with two-
stage anion-exchange columns using AG 1-X8 and AG MP-1M (Bio-
Rad) (Bu et al., 2014b; Wu et al., 2018). The final solution, evaporated
to near dryness, was dissolved in 4% ultrapure HNO3 (1.0 mL) and sent
for MC-ICP-MS measurement (Nu Plasma HR, Nu Instruments Ltd.,
England) in the State Key Laboratory of Marine Environmental Science,
Xiamen University. The instrument employed a DSN-100 high effi-
ciency sample introduction system, containing a membrane desolvation
unit and a conical concentric nebulizer. The recovery of Pu resulting
from this procedure was 63.8 + 5.6% (n = 42). The most significant
interference in this method was usually caused by the formation of
polyatomic uranium hydrides (**®UH™) and peak tailing from the
238y™* peak, resulting in an overestimation of the 2*°Pu signal. The
analytical method we employed in this study was able to effectively
eliminate the U interferences by achieving an extremely high U de-
contamination factor of 6.0 X 107, which is comparable to previously
reported values (3.0 X 107-1.0 x 10%) (Bu et al., 2014a).

The data quality and the mass bias correction were assured by
routine analyses of International Atomic Energy Agency (IAEA) certi-
fied reference material IAEA-443 (Irish Seawater). The measured
240py;/239py atom ratio of this standard (0.230 + 0.003, n = 16) was
consistent with the verified value (0.229 = 0.006). The analytical in-
strument was also tested by analyzing two additional reference mate-
rials: IAEA-385 (Irish Sea Sediment) and IAEA-384 (Fangataufa Lagoon
Sediment). The measured 23°*24°py activities and the 2*°Pu/?*°Pu
atom ratios of these standards were in good agreement with the certi-
fied and previously reported values (Table S2). In addition, the opera-
tional blank count rates for 2**Pu and 2*°Pu were assessed by measuring
100L of pure water following the same chemical procedure for Pu
determination in seawater. The limit of detection (LOD) was calculated
based on the International Union of Pure and Applied Chemistry re-
commendations (Mocak et al., 1997). The LOD was calculated to be
0.44 fgmL~! for 2*°Pu and 0.36 fgmL~! for 2*°Pu, corresponding to
0.01 mBqm 2 for 2**Pu and 0.03mBqm ™~ for 24°Pu.

—
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3. Results

For ease of presentation, we combined the datasets from the three
cruises spanning two consecutive years (two in spring and one in
winter), and assumed that the seasonal variation was minor. This as-
sumption was based on the fact that the distribution of Pu in surface
water is rather homogenous and that significant changes in Pu do not
occur over timescales of 1-2 years, due to the long residence time of Pu
in seawater and the long half-lives of its radioactive isotopes (Hirose
and Aoyama, 2003a). Indeed, we observed that the difference in
240py1/239py atom ratios at two adjacent stations, K1 sampled in spring
2014 and K2 sampled in winter 2014, was minor, < 2%, which is
comparable to their relative standard deviations.

3.1. 2*°pu/?3°Py atom ratios

As shown in Table S1, 24°Pu/?3°Pu atom ratios of surface seawater in
the WNP during the investigated period ranged from 0.227 to 0.263, with
an average value of 0.244 = 0.011 (n = 14). Spatially, the 2*°Pu/?**Pu
atom ratios ranged from 0.243 to 0.263 (average = 0.253 + 0.007,
n =7) in the Kuroshio mainstream zone and from 0.228 to 0.232
(average = 0.230 + 0.003, n = 2) at the Kuroshio extension, showing a
gradual decrease along the Kuroshio transport pathway from the Luzon
Strait to south of Japan (Fig. S1). In contrast, the *°Pu/**°Pu atom ratios
outside the Kuroshio zone, 0.227-0.244 (average = 0.238 + 0.007,
n = 5), were lower than those of the Kuroshio mainstream. From the
tropical region to the transition area, the distribution of 2*°Pu/?*°Pu
atom ratios in the Kuroshio showed an overall decreasing trend with
latitude (Fig. 2a), and the pattern of 2*°Pu/>**Pu atom ratios in the zone
off of the Kuroshio had no significant variation with latitude.

240py/239py atom ratios in the water column at Stn. K8 varied from
0.227 to0 0.249 (n = 3) in the upper 500 m (Table S1). These ratios were
higher than those expected solely from global fallout (Kelley et al.,
1999). The range of the 2*°Pu/?3*?Pu atom ratios was comparable to that
in the water column at Stn. FO1 (36.5° N, 141.5° E, ~800 km away from
Stn. K8) in the Western Pacific in October 2014 (0.23-0.27:
Casacuberta et al., 2017). The depth profile of 24°Pu/?*°Pu atom ratios
at Stn. K8 showed a variation from 0.232 * 0.006 at the surface to
0.227 * 0.006 at 200 m, followed by a more gradual increase in values
to 500m, reaching 0.249. The vertical pattern of 2*°Pu/>**Pu atom
ratio was also consistent with that previously reported in the western
Northwest Pacific Ocean (Fig. S2) (Yamada et al., 2007).
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Fig. 2. Distribution of (a) **°Pu/?*°Pu atom ratios and (b)

239+240py activities in surface seawater as a function of lati-

tude in the western North Pacific. PPG and GF represent
Pacific Proving Grounds and Global Fallout. The Pu atom
ratio of PPG and GF are taken from Buesseler (1997),
Muramatsu et al. (2001) and Kelley et al. (1999). The activity
of the PPG signal was obtained from the average values of
Enewetak and Bikini lagoonal water collected in 2015
(Buesseler et al., 2018). The activities of GF are estimated
based on data taken from Bowen et al. (1980) and Hirose and
Aoyama (2003a, 2003b). North Equatorial Current (NEC)-
Kuroshio Current and North Pacific Intermediate Water
(NPIW) represent the main ocean current system in the cor-
responding latitudinal zone.

Tropical Subtropical Transition
T T T T T
----------- NEC---- --Kuroshio NPIW-
0.350
(@) .
0.325 - I pPG W Kuroshio
2 . GF mmmmmm  Off Kuroshio
et
< 0.300 4
S
£
S 0.275 _
=
£ 0.250
2
o: 0.225 A
“ 0.200
0.175 A
0.150
10.0 125 15.0 175 20.0 225 250 27,5 30.0 325 350 375 40.0
Latitude (° N)
Tropical Subtropical Transition
460 T T T T T
------------ NEC---- --Kuroshio NPIW.
”’E‘ i e O m— PP mmmmmm Kuroshio
g . GF s Off Kuroshio
g
.«E‘ 450 L
s 6T
<@
&
=
& 4
g
] I
0 = 2 I_' T [ T T
10.0 125 15.0 17,5 20.0 225 250 275 30.0 325 35.0 375 40.0

Latitude (° N)

3.2, 239+240py qctivity

239+240py activities of surface seawater in the WNP from 2014 to
2015 are listed in Table S1. They ranged from 1.15 to 4.30 mBqm >,
with an average value of 1.79 * 0.78 mBqm ™3 (n=14). The
Kuroshio water 23°*24%py activities varied from 1.15 to 1.93 mBqm 3,
with an average value of 1.60 = 0.25mBq m~% (n=9). From the
tropical region to the transition area, 3°*2*°pu activities within the
Kuroshio showed no notable variation with respect to latitude, likely
due to the fast transport of the Kuroshio. The travel time of Kuroshio
water off the Luzon Strait starting from Stn. K1 to Stn. K9 was estimated
as 66 days (42-155 days) under the assumption of a constant transport
velocity (Centurioni et al., 2004). In contrast, >3°*2*°py activities in
water from the zone off of the Kuroshio were in a large range of
1.18-4.30mBqm™2  (average = 2.13 * 1.27mBqm~3, n=5),
showing a gradual increasing trend with latitude (Fig. 2b). For example,
they increased from 1.26mBqm™> in the tropical region to
1.92mBqm™ 2 in the subtropical region, followed by an increase to
4.30 mBqm ~° in the transition area. Meanwhile, we compiled all of the
published data obtained in adjacent to Station P5 since the 2011 FDNPP
accident, ranging from 1.97 to 5.59 mqu_3 (n = 24) (Table S3:
Sakaguchi et al., 2012; Bu et al., 2015; Hain et al., 2017; Casacuberta
et al., 2017), which was comparable to our data at Station P5. Speci-
fically, in August 2011, 23°*2%%py activities in a distance of
450-500km from the Station P5 were reported to be

5.23—5.50mqu_3 (n = 2) (Sakaguchi et al., 2012). In September
2012, 239+240py activities in a radius of 280 km off the Station P5 were
in the range of 2.40-2.85 mqu’3 (n = 2) (Hain et al., 2017). In a
distance of 500 km off the Station P5, 23°+240py activities of surface
seawater collected in May 2013 and October 2014 were reported to be
4.23-5.30 mBq m~2 (n = 6: Bu et al., 2015) and 1.97-5.29 mBq m~3
(n = 14: Casacuberta et al., 2017), respectively. We incorporated these
reported data and did a simple F-test and t-test in order to examine if
239+24%py activities have a significant difference within and outside the
Kuroshio (Lettner et al., 2000). As shown in Table $3, 2°°7240py ac-
tivities (1.18-5.59 mBq m~ 3, n = 29) outside the Kuroshio were sta-
tistically significantly higher than those (1.15-1.93mBqm ™3, n = 9)
within the Kuroshio (student t-test, p < 0.05).

239+240py activities in the upper water column (0-500 m) at Stn. K8
varied from 1.61 to 5.38 mBq m~2 (n = 3) (Table S1), and gradually
increased with the depth. Note that we were not entirely certain about
the maximum Pu depth, owing to the coarse sampling resolution at
depth. Nevertheless, the vertical distribution of 23°*24%py activities was
consistent with typical Pu distribution patterns in the ocean, which
show a gradual increase from the surface to the subsurface (Bowen
et al., 1980; Tsumune et al., 2003). This pattern is also similar to that
observed at Stn. FO1, which is adjacent to Stn. K8, in October 2014
(Casacuberta et al., 2017) and the tropical eastern Pacific Ocean in
2003 (Kinoshita et al., 2011).
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4. Discussion
4.1. Pu source and transport pathway

240p/239py atom ratios (0.227-0.263) in WNP seawater, both at
the surface and deeper in the water column, were all characteristically
higher than those expected solely from global fallout (0.180 = 0.014)
(Kelley et al., 1999), implying that this area must have received Pu from
the detonation of high-yield thermonuclear devices and/or fuel reactors
at high burn-up; for example, the PPG and/or FDNPP accident. A
heavier Pu isotopic ratio was observed in the Kuroshio mainstream zone
as compared to the zone off of the Kuroshio, and its distribution was
consistent with the transport pathway of the Kuroshio Current. Com-
bined with the fact that >3°*24°py activities within the Kuroshio were
lower than those outside of the Kuroshio, this indicates that there was a
decline in Pu source supply, and that Pu in the Kuroshio is readily
scavenged. Most of Pu in the Kuroshio should be mainly from the PPG,
which is released from sediments and seawater in contaminated la-
goons. 239 2%0py activities in PPG lagoonal seawater (455 mBqm~>)
and sediments (99 Bq kg_l) remain several orders of magnitude higher
than in the rest of the world's oceans, though slightly lower than the
1970s (Buesseler et al., 2018). It is estimated that 23°*24°Py from the
PPG discharged into the North Pacific Ocean has an annual export flux
of 0.26-0.73 TBq (1 TBq = 10'2>Bq) (Buesseler et al., 2018). Never-
theless, these annual rates are orders of magnitude smaller than de-
livery rates via close-in fallout from the PPG in the 1950s (Buesseler
et al., 2018). Lower 23°*240py activities in the Kuroshio must be related
to the decrease in supply of Pu from the PPG over time. In addition, it is
well known that the physical and/or chemical forms of Pu-bearing
particles vary based on testing conditions (Buesseler, 1997). Close-in
fallout from the PPG typically incorporates large quantities of partially
and completely vaporized calcium, calcium oxides, calcium hydroxides
and carbonates (typically > 1.0 ym in size) (Adams et al., 1960; Joseph
et al., 1971). The Pu adhering to the relatively larger particles such as
calcium hydroxides is by nature efficiently scavenged, and has a shorter
residence time in seawater than Pu adhering to smaller particles. In
contrast, global fallout particles are characterized by their sub-micron
size (typically at 0.1-1.0 um in size), as they originate directly from the
vaporization and condensation of nuclear weapons materials (Adams
et al., 1960; Joseph et al., 1971; Weimer and Langford, 1978). The Pu
attached to these small particles is thus less efficiently scavenged, and
has a longer residence time in seawater. In addition, it is known that the
Kuroshio is characteristically elevated in diazotrophic activity which
often stimulates diatom growth and increases export efficiency
(Kitajima et al., 2009; Shiozaki et al., 2010; Bonnet et al., 2016). In-
deed, the nitrogen fixer-Trichodesmium flourishes in the Kuroshio and
its abundances were found to be positively correlated with diatom
cells > 10 um in diameter (p < 0.05) (Chen et al., 2008, 2011).
Diatom vertical distributions also showed a maximum abundance at the
surface, which coincided with the highest cell densities of Tricho-
desmium (Chen et al., 2011). In contrast to the Kuroshio, the zone
outside the Kuroshio is sparsely inhabited by Trichodesmium and
showed no surface maxima in the vertical distributions of Tricho-
desmium or diatom abundance (Kitajima et al., 2009; Chen et al., 2011).
This indicated the Kuroshio potentially has a higher export efficiency
compared to the zone off of the Kuroshio, despite the fact that particle
abundances in these two regimes are not significantly different
(Nakajima, 1973). Therefore, we suggested that the lower 239*240py
activity of the Kuroshio was linked primarily to the decrease in PPG
supply over time, coinciding with high degrees of scavenging during
transport along the Kuroshio.

These insights imply that the high 2*°Pu/**Pu atom ratios in the
Kuroshio could be traced back to their precursor, the NEC, which ori-
ginates approximately from the PPG. The Enewetak and Bikini Atolls
are located within the NEC, and large—scale US nuclear tests conducted
at these sites in the 1950s released a substantial radioactive fallout yield
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(Bowen et al., 1980; Buesseler, 1997) which might have been trans-
ported westward by the NEC and subsequently fed into its northward
bifurcation, the Kuroshio Current off the Philippines. This high
240py/23%py “stream” along the NEC-Kuroshio was evident when
compared with 2*°Pu/?*°Pu atom ratios beyond this pathway in the
WNP (0.207 * 0.010, n = 4) (Yamada et al., 2006) and its adjacent
marginal seas, such as in the China Sea (0.236 = 0.017, n = 21:
Yamada and Zheng, 2011; Wu et al., 2018), the Sulu and Indonesian
Seas (0.237 = 0.007, n = 4: Yamada et al., 2006), and the Japan Sea
(0.240 = 0.010, n = 24: Kang et al., 1997; Hirose et al., 1999, 2002;
Yamada and Zheng, 2008). The supply of Pu from the PPG via the NEC-
Kuroshio into the WNP appears to be continuous, as evident from the
persistently high 2*°Pu/?*°Pu atom ratios observed in the WNP at
present, some 60-70years since US nuclear weapons testing was
banned on the Marshall Islands.

High 2*°Pu/?*°Pu atom ratios of samples from outside the Kuroshio
zone (average = 0.238 + 0.007) may be linked to the formation and
circulation of North Pacific Intermediate Water (NPIW), which is a
prominent feature of the entire North Pacific subtropical gyre and is
well-defined as the salinity minimum at depths of 300-1000 m (Yasuda
etal., 1996; Talley, 1997; Hansell et al., 2002). Newly formed NPIW is a
mixture of recently ventilated, relatively fresh Oyashio water (~45%),
and older, more saline Kuroshio water (~55%) of a similar density
(Yasuda et al., 1996; Talley, 1997). Mixing between these water masses
and the formation of new NPIW water occurs to the east of Japan,
where stations Stns. K8 and K9 were located (Talley, 1997). This mixed
water region is located in the inter-frontal zone between the Oyashio
Front and the Kuroshio extension (Yasuda et al., 1996). Kumamoto
et al. (2014) further describe the formation and circulation of the
NPIW, including formation areas and the subduction of North Pacific
Subtropical Mode Water (STMW) and Central Mode Water (CMW). In
the subtropical region (20°-35° N), higher 2°Pu/?*°Pu atom ratios in
the Kuroshio could be transported to the zone off of the Kuroshio by the
spreading and subduction of STMW. For example, to the south of the
Kuroshio extension between about 30° and 35° N, STMW is formed and
penetrates to a depth of about 300-500 m (Kumamoto et al., 2014).
Subsequently, STMW spreads to near the subtropical front (Aoyama
et al., 2006) through advection over the Kuroshio recirculation region
(Suga and Hanawa, 1990, 1995). Other studies also illustrate the
spreading and subduction of STMW in the subtropical region: in June
2012, '3*Cs activity reached a maximum of 6.12 + 0.50Bqm ™2 at a
depth of 151-m at 29° N, 165° E (Aoyama et al., 2016); and Kumamoto
et al. (2014) found that the subsurface maximum in *3*Cs activity ob-
served along 149° E is associated with the formation and subduction of
STMW. Indeed, at Stn. K8, which is located in the formation area of
STMW, the predominant temperature (16.4-17.7°C), salinity
(34.68-34.76) and potential density (0g: 25.0-25.6) ranges were similar
to those of STMW (Oka, 2009; Kumamoto et al., 2014). **7Cs activity in
the upper 500 m at Stn. K8 showed a gradual increase with depth,
ranging from 2.28-2.83Bqm ™3, further suggesting the subduction of
STMW. In the tropical region between 10° and 20° N, high Pu isotopic
ratios outside the Kuroshio zone (i.e., Stns. P1 and P2) were potentially
caused by the spreading of CMW. The formation area of CMW is located
in the transition area in the central North Pacific (Suga et al., 1997).
CMW spreads generally eastward along the North Pacific Current, turns
southward and then westward (Kumamoto et al., 2014). Aoyama et al.
(2016) also show that high 134¢g activity derived from the FDNPP ac-
cident in the transition area is introduced into the ocean's interior on a
1-year time scale through CMW formation and subduction.

4.2. Comparisons with data prior to the FDNPP accident

Our 2*°Pu/**°Pu atom ratios measured after the FDNPP accident
were compared to background isotopic data obtained from prior to the
accident in the WNP (average = 0.234 + 0.025) (Lee et al., 2004;
Yamada et al., 2006; Yamada and Zheng, 2008; Zheng and Yamada,
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2004, 2006). Specifically, the 240py1/239py atom ratios in the Kuroshio
(average = 0.253 = 0.007) were comparable to the reported values in
the Kuroshio and Kuroshio recirculation region before the FDNPP ac-
cident (Kim et al., 2004; Hirose et al., 2006), and the 24°Pu/?3*°Pu atom
ratios in the zone off of the Kuroshio (average = 0.238 = 0.007) were
also comparable to before the FDNPP accident (Fig. 3a). It was thus
difficult to determine whether there were any Pu signals from the
FDNPP, due to its similarity to the PPG in terms of 2*°Pu/>**Pu atom
ratios; i.e., 0.30-0.36 for the PPG (Buesseler, 1997; Muramatsu et al.,
2001) and 0.30-0.38 for the FDNPP accident (Zheng et al., 2012;
Schneider et al., 2013). In addition, we estimated the input of FDNPP
239+240py; at four chosen stations (Stns. K7-K9 within the Kuroshio and
Stn. P5 outside the Kuroshio) within 1000 km radius off the FDNPP and
compared 2*°Pu/?*°Pu atom ratios and 23°*24°pu activities with
background data obtained from adjacent stations prior to the FDNPP
accident. Using an atmospheric deposition model, taking Pu activity of
130nBq/m® in aerosols at a distance of 120km off the FDNPP
(Shinonaga et al., 2014) and adopting the upper limit of the deposition
parameters (vg—dry deposition velocity (1.8cms™'): McMahon and
Denison, 1979; Duce et al., 1991; Giardina and Buffa, 2018; P—preci-
pitation (300 mm/month): Giambelluca et al., 2013; S-the scavenging
ratio in wet deposition (2000 gm ~ %) and p,-the density of atmosphere

(1200gm’3): Duce et al., 1991), we calculated the maximal Pu de-
position flux as 0.20 mBqm ~2day ', which is one order of magnitude
higher than that in Tsukuba, Japan prior to the FDNPP accident (Hirose
et al., 2003). Such input would result in a new Pu activity of surface
seawater (upper 10m) at the four chosen stations to be <
0.02mBqm 3, which is comparable to the measurement uncertainty of
Pu. We point out that this estimation is subject to large uncertainty but
they represent the maximal estimation. Moreover, we compared the
239+240py activities and 2*°Pu/?*°Pu atom ratios of surface water at the
four chosen stations with background data obtained from adjacent
stations prior to the FDNPP accident. As shown in Table S4, within the
Kuroshio, 23?*24%py activity (1.15 + 0.01 mBqm~>) at Station K7 was
comparable to the background value (1.5 = 0.4 mBq m~%) prior to the
FDNPP accident collected in a distance of ~160 km off the Station K7
(Hirose et al., 2001). 23°+240py activities (1.40-1.61 mBq m~%) and
240py;/239py atom ratios (0.228-0.232) at Stations K8-K9 were com-
parable to those reported prior to the FDNPP accident in a distance of
600km off the Stations K8-K9 (1.68 = 0.28 mBq m~% and
0.225 * 0.037: Norisuye et al., 2006). Outside the Kuroshio,
239+240py activities and 240pyy/2%9py atom ratios
(4.30 = 0.13mBq m~2 and 0.242 + 0.006) at Station P5 were com-
parable to the reported values (4.13 + 0.63mBqm ° and
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0.231 * 0.035) prior to the FDNPP accident obtained in a radius of
500 km off the Station P5 (Oikawa et al., 2015). Therefore, we did not
observe changes in Pu isotopic composition at Stns. K7-K9 and P5 post
the FDNPP accident as compared to the reported data obtained from the
adjacent stations prior to the FDNPP accident (Hirose et al., 2001;
Norisuye et al., 2006; Oikawa et al., 2015). Such comparison suggests
that the input of 2*°*24°Py from the FDNPP accident would not alter
the Pu isotopic composition in the radius of 500 km or 1000 km off the
FDNPP.

We could also assess the impact of the Pu released from the FDNPP.
The amount of >3°*24°py released from the FDNPP accident is reported
to be 1.0-3.5 x 10°Bq (Zheng et al., 2012, 2013; Schneider et al.,
2013; Yamamoto et al., 2014; Shinonaga et al., 2014; Sakaguchi et al.,
2014). Assuming Pu behaviors similarly to Cs and 80% of the atmo-
spheric Cs released deposited in the ocean (Buesseler et al., 2017), we
estimate the maximum Pu released into ocean via atmospheric de-
position is 0.8-2.8 x 10°Bq. Assuming that weapon tests derived
239+240py in the North Pacific is 3.6 PBq (calculated from '*7Cs:
Buesseler, 2014; and considering a 2*°*2°pu/'3"Cs activity ratio of
1.2%: Povinec et al., 2005), the new Pu derived from FDNPP would
account for < 0.0001% of the weapon tests derived 2*°*2*°py in the
North Pacific Ocean. In summary, both the comparison of Pu isotopic
composition in the WNP within a radius of 500 km or 1000 km off the
FDNPP between prior to and post the accident and a simple first order
mass balance calculation in terms of atmospheric deposition and release
suggest the input of FDNPP 23°*24°py would not alter the Pu isotopic
composition. On the other hand, a heavier Pu isotopic ratio was ob-
served in the Kuroshio mainstream zone as compared to the zone off of
the Kuroshio, and its distribution was consistent with the transport
pathway of the Kuroshio Current. We also confirmed that the higher
240py1/239py atom ratios in the Kuroshio could be traced back to their
precursor, the NEC, which originates approximately from the PPG in
the above discussion. These insights imply that Pu from the PPG was
still a dominant source.

239+24%py activity in WNP surface seawater was almost identical
before and after the FDNPP accident. In the tropical region, 23°*24%py
activities (1.38 * 0.19mBq m~3 n=4) were comparable to those
reported for 1996 in an area adjacent to our study area
(1.54 = 0.04mBq m~3 n=2) (Yamada et al., 2006). In the sub-
tropical region, 2*°*2%°py activities (1.69 + 0.29mBqm ™3, n = 9)
were slightly lower than those reported for the period 1991-2000 in an
area adjacent to our study area (1.7-6.2mBqm~3) (Yamada et al.,
2006; Povinec et al., 2004). In addition, these 23?*24°py activity levels
were also lower than those of the adjacent marginal seas, such as in the
SCS from 2012 to 2014 (2.34 * 0.38 mqu_S, n =18) (Wu et al.,
2018) and the Japan Sea from 1984 to 1997 (3-25 mqu_B) (Hirose
et al., 2002; Yamada and Zheng, 2008). In the transition area, high
239+24%py activity at Stn. P5 was also comparable to reported results
from the coastal area adjacent to the FDNPP site (within the 0-200 km
zone) (4.15 = 0.35mBqm 3, n = 5) during 2013 (Bu et al., 2014a,
2015) and the background value before the FDNPP (1.5-5.2 mBq m~ %)
(Povinec et al., 2005; Oikawa et al., 2015; Bu et al., 2015). In addition,
we made another comprehensive comparison with long-term data over
the past sixty years, made publicly available by the Marine Information
System (MARIS, geographical restriction: 15°-40° N, 110°-160° E;
maintained by the IAEA: https://maris.iaea.org/Home.aspx) (Fig. 3b).
As Fig. 3b shows, 23°*240py activity levels of surface seawater in the
WNP decreased exponentially from 50 to 2mBqm™> from 1960 to
2010. Our measured results were almost identical to the 2010 pre-
FDNPP accident value. Taken together, we suggested Pu contributed
from the FDNPP accident, if any, to the WNP basin was negligible. The
spatial distribution of 23°*24°py activity showed an increase from the
tropical region to the transition area, possibly related to the latitudinal
distribution of 2*°*2%°Py deposition; i.e., high fluxes occur at mid-la-
titudes and low fluxes occur at low-latitudes (Bowen et al., 1980; Hirose
et al., 2001).
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In summary, both the comparison of Pu isotopic composition in the
WNP within a radius of 500 km or 1000 km off the FDNPP between
prior to and post the accident and a simple first order mass balance
calculation in terms of atmospheric deposition and release suggest there
were no indications of the FDNPP's impact on the WNP basin. The
pathway of Pu transported from the PPG into the WNP was primarily
via the NEC-Kuroshio Current and the spreading and subduction of
NPIW, including both STMW and CMW. The Pu isotopes in the seawater
of the Kuroshio mainstream zone were characterized by high
240pyy/239py atom ratios and low 239+ 240py activities compared to those
measured in the zone off of the Kuroshio.

4.3. Quantitative estimation of the PPG Pu contribution

While the PPG is a continuous Pu source term to the WNP, other
possible sources, such as the Chernobyl nuclear accident, on-going nuclear
power plants along the coast of the study area and other local fallouts, are
excluded (Kim et al., 2004; Wu et al., 2018). Our measured data in the
WNP also fell well within the characteristic values of global fallout and
close-in fallout from the PPG, with the PPG as the dominant source to the
WNP. Therefore, we can state that the Pu in the WNP was sourced from
both global fallout and close-in fallout from the PPG. We can then estimate
the relative contribution of the PPG to Pu in the WNP using a two end-
member mixing model (Krey, 1976; Wu et al., 2014, 2018):

_ (Pu)p _ (Rg — Rs)(1 + 3.674Rp)
T (Pu)s  (Rs — Re)(1 + 3.674R;)

(€3]

where (Pu) and R represent the 239+240py activity and the 240py; /239py
atom ratio; the subscripts P, G and S refer to the PPG, global fallout and
the WNP; and the coefficient 3.674 is a factor used to convert between the
activity ratio and atom ratio of 2*°Pu/**°Pu. In the calculation, Rg was
taken to be 0.180 * 0.014 (Kelley et al, 1999) and Rp was
0.330 = 0.030 (Buesseler, 1997; Muramatsu et al., 2001). Pu in the WNP
derived from the PPG was calculated to be on average 52 + 12%. This
estimate is slightly higher than previous ones made for the SCS (~42%:
Yamada et al., 2006; Wu et al., 2018) and the Sulu Sea (~39%: Yamada
et al., 2006), indicating that Pu from the PPG is more readily scavenged in
the marginal seas as compared to the WNP, due to elevated biological
productivity and particle abundance (Han et al., 2012). However, our
estimate of PPG Pu contribution is slightly lower than estimates made in
sediments of the northern SCS shelf (~68%: Wu et al., 2014) and the SCS
basin (~57%: Dong et al., 2010), further indicating that the close-in fallout
Pu from the PPG was more readily scavenged from the surface water than
was Pu derived from global fallout, and preferentially accumulated in
sediments (Buesseler, 1997; Wu et al., 2018). In addition, the PPG con-
tribution to the WNP showed a gradual decrease along the northeastward
transport pathway of the Kuroshio. Finally, the PPG contribution of Pu to
the Kuroshio zone was ~30% higher than outside of the Kuroshio zone,
with estimated contributions of 60 = 13% for the Kuroshio mainstream
zone and 45 *= 10% for the zone off of the Kuroshio.

5. Conclusions

High 2*°Pu/?**Pu atom ratios (0.227-0.263) were observed in both
surface waters and at depth during 2014-2015, indicating non-global
fallout Pu sources to the WNP. The spatial distribution of 2*°Pu/*°pu
atom ratios showed higher ratios within the Kuroshio region as compared
to the zone off of the Kuroshio. There was also an overall decreasing trend
in ratios along the Kuroshio pathway to its extension areas. 2*°*240py
activities in WNP surface seawater ranged from 1.15 to 4.30 mBqm ™3,
showing an increase with latitude. We confirmed the presence of the non-
global fallout Pu signature from the PPG by comparing 2*°Pu/***Pu atom
ratios and 23°*24°py activities between the zones within and outside the
Kuroshio. Higher 2*°Pu/?**Pu atom ratios in the Kuroshio were mainly
from the PPG, transported via the NEC-Kuroshio Current, although high
Pu isotopic ratios also found in the zone off of the Kuroshio were initially
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derived from the Kuroshio via the formation and circulation of NPIW,
including STMW and CMW. We further revealed, using a simple two end-
member mixing model, that this PPG source contributed 60 + 13% of the
Pu in the Kuroshio zone and 45 + 10% of the Pu in the zone off of the
Kuroshio. Additionally, Pu seawater isotopes in the Kuroshio mainstream
zone were featured by high 2*°Pu/?*°Pu atom ratios and low 2*°+240py
activities compared to the zone off of the Kuroshio. Both the comparison of
Pu isotopic composition in the WNP within a radius of 500 km or 1000 km
off the FDNPP between prior to and post the accident and a simple first
order mass balance calculation in terms of atmospheric deposition and
release suggest that the Pu originating from the FDNPP accident, if any,
was either negligible, or the input flux of >*°*2%°Pu was too small to
significantly alter the Pu isotopic composition in the ambient seawater.
Finally, from the determination of Pu isotopic ratios and activity levels in
the WNP basin, we have established a baseline for future environmental
risk assessment in this region.
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