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Subarctic‑scale transport of 134Cs 
to ocean surface off northeastern 
Japan in 2020
Mutsuo Inoue 1*, Kaisei Mashita 1, Hiroaki Kameyama 1, Hayata Mitsunushi 1, 
Yota Hatakeyama 1, Yukiko Taniuchi 2, Takuya Nakanowatari 2, Takami Morita 3 & Seiya Nagao 1

We studied the spatiotemporal variations in 134Cs, 137Cs, and 228Ra concentrations at the sea surface 
off southeastern Hokkaido, Japan (off‑Doto region) from 2018 to 2022 using low‑background 
γ‑spectrometry. The 134Cs concentrations in the off‑Doto region, decay‑corrected to the date of the 
Fukushima Dai‑ichi Nuclear Power Plant (FDNPP) accident, exhibited wide lateral variation each 
year (e.g., 0.7–1.1 mBq/L in 2020). By studying the 228Ra concentrations and salinity, this variation 
was explained based on the current mixing patterns. Furthermore, the 134Cs concentrations in the 
waters highly affected by the Oyashio Current (OYC) gradually increased from 2018 to 2020, and 
subsequently decreased in 2022. This implies that the water mass maximally contaminated with 
134Cs was transported back to the side of the Japanese islands 10 years after the FDNPP accident 
along with counter‑clockwise currents (e.g., the OYC) in the northern North Pacific Ocean. The 134Cs 
concentrations in the OYC‑affected waters in the off‑Doto region in 2020 were ~ 1/6 times those in 
the 134Cs‑enriched core of waters off the western American Coast in 2015, which can be ascribed to 
dilution via spatial dispersion during subarctic current circulation. Overall, we elucidated the ocean‑
scale subarctic current systems in the northwestern North Pacific Ocean, including water circulation 
timespans.

The Fukushima Dai-ichi Nuclear Power Plant (FDNPP) accident, which occurred on March 11, 2011, led to the 
release of large amounts of radiocesium (134Cs and 137Cs) into the northwestern North Pacific Ocean, particularly 
around eastern  Japan1. While the 137Cs (half-life: 30.2 years) content in seawater samples examined in this study 
is affected by a remnant of the global fallout from atmospheric nuclear test explosions (particularly from the 
mid-1950s to early 1960s), the detected 134Cs is believed to have entirely originated from the FDNPP accident 
owing to its shorter half-life (2.06 years). Because the time of introduction of 134Cs (March 2011) into the sea-
water, areas of direct discharge into the seawater (close to the FDNPP), and radioactive deposition behavior of 
134Cs (the northwestern North Pacific Ocean) are  known2,3, this radionuclide has emerged as a strong chemical 
tracer of water circulation; the circulation can be tracked until the radionuclide is undetectable owing to its 
radioactive decay and dispersion. In the subtropical area, low levels of 134Cs were carried back to the side of the 
Japan islands (to the Sea of Okhotsk via the Sea of Japan) from 2013 by the clockwise Kuroshio Warm Current 
(KWC)4,5. In contrast, 134Cs was also transported to the western Bering Sea until 2018 in the subarctic area via 
the western American  Coast6–9. Furthermore, our previous radionuclide studies conducted off southeastern 
Hokkaido, Japan (hereinafter referred to as off-Doto) in 2018 and 2019 indicated that 134Cs was transported to 
the off-Doto region by the Oyashio Current (OYC) via the East Kamchatka Current (EKC), with contributions 
from other currents around  Hokkaido10.

Additionally, the lateral distributions of the concentrations of 228Ra—a natural and soluble radionuclide with 
a half-life of 5.75 years and a conventional tracer used for studying water  currents11,12—have been employed to 
study the transport patterns of radiocesium in the seas around  Japan13.

In this study, we used special low-background γ-spectrometry to precisely examine temporal and lateral vari-
ations in low-level 134Cs, 137Cs, 226Ra, and 228Ra concentrations in the surface waters in and around the off-Doto 
region during 2020–2022. The 226Ra concentrations in the water samples, which are useful for understanding 
vertical circulations, will be presented elsewhere. Furthermore, by focusing on 134Cs concentrations, we discussed 
the ocean-scale subarctic current systems in the northwestern North Pacific Ocean, including the timescale, after 
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the FDNPP accident. This study can, therefore, provide a basis for predicting the transport patterns of soluble 
contaminants in the waters.

Results
Current systems from 228Ra–salinity. Major ocean current systems in and around the off-Doto region 
are shown in Fig. 1a,b14–16. The subarctic EKC extends along the Kuril Islands and reaches the off-Doto region 
as the OYC. A branch of the OYC partially enters the Sea of Okhotsk, and after a counter-clockwise circulation, 
returns as a southward current along the Sakhalin Island as the East Sakhalin Current (ESC). The Tsushima 
Warm Current (TWC), mainly composed of the KWC, flows from the Sea of Japan into the Sea of Okhotsk and 
circulates along the northeastern coast of Hokkaido as the Soya Warm Current (SWC).

The sea surface in the off-Doto region is predominantly composed of a mixture of the SWC, ESC, and 
Okhotsk Sea Surface Water (OSW) from the southwestern Sea of Okhotsk and the westward OYC. In contrast, 
in the south of the off-Doto region, there are occasional intrusions by a warm-core ring that separates from the 
subtropical KWC.

The γ-spectrometry results are shown in Table S1. To elucidate the mixing pattern of the coexisting currents, 
228Ra concentrations at the sea surfaces adjacent to and in the off-Doto region were plotted against salinity, as 
shown in Fig. 1c,d, respectively. Salinity at the surface of the subtropical SWC and KWC is significantly higher 
than that of the subarctic ESC/OSW and OYC (33.4–34.5 and 32.4–33.4, respectively)10,17. Notably, the 228Ra 
concentrations in the SWC are the highest among the currents in this study area. This is because 228Ra is trans-
ported by the TWC from the Sea of Japan, which receives extensive supply from the shallow shelf in the western 
East China  Sea12. The major source currents to the sea surface in the off-Doto region are the high-salinity and 
highest-228Ra SWC, the lowest-salinity ESC/OSW, and lowest-228Ra EKC–OYC8,18 (Fig. 1c).

The surface waters in the off-Doto region have been classified into highly SWC-, ESC/OSW–SWC-, and 
OYC–ESC/OSW–SWC-affected seawaters (hereafter, the S-, E/O–S-, and OY–E/O–S-waters), as can be seen in 
Fig. 1d, neglecting the ambiguous supplies of 228Ra after passing through the Soya Strait. Notably, the high salin-
ity and low 228Ra concentrations of the waters in the southern off-Doto region (< 42° N) in 2020 indicated the 
contribution of the KWC, which had the highest salinity among the currents studied. The waters are therefore 
considered highly affected by OYC and KWC (OY–KW-waters). Because of the absence of 228Ra data, samples 
collected in the off-Doto region in  201910 and a sample in 2021 have been tentatively classified as the S- (salin-
ity: > 33.4), E/O–S- or OY–E/O–S- (salinity: 33.4–34.3), and OY–KW-waters (salinity: ~ 34.5), based on their 
salinity and sampling areas. The fractions of current sources and the mixing patterns at the sea surface in the 
off-Doto region showed year to year variation during 2018–2022 (e.g., the large contribution of the S-waters 
in October 2020 and 2021) (Fig. 1e). The coastal area in the off-Doto region is predominantly occupied by the 
S- and E/O–S-waters from the southwestern Sea of Okhotsk, while the sea surface in the offshore area is often 
composed of the OY–E/O–S-waters. Furthermore, the current system in the off-Doto region exhibited seasonal 
variation—for instance, the E/O–S-waters had lower salinity and higher 228Ra concentrations in January (Fig. 1d). 
The fraction of the low-salinity ESC/OSW is higher in  January16, although 228Ra could be supplied from the 
coastal and lake sediments and/or a seasonal change in the mixing ratio of the ESC and OSW.

Annual variations of radiocesium. The annual variations of 134Cs and 137Cs concentrations in and around 
the off-Doto region are shown in Fig. 2, along with the current definition for each sample based on the 228Ra 
concentrations and salinity (Fig. 1c,d).

The concentrations of the global fallout-derived 137Cs, decay-corrected to the sampling date, in the subarctic 
ESC/OSW are clearly lower than those in the subtropical SWC and KWC (Fig. 2a); the concentrations in the 
SWC, ESC, and EKC immediately before the FDNPP accident were estimated to be 1.4, 1.0, and 0.9 mBq/L, 
 respectively10. The difference in 137Cs concentrations in the Sea of Okhotsk predominantly retained the original 
features of the SWC and ESC/OSW (concentration levels of the global fallout-derived 137Cs calculated using an 
effective half-life of 13.7  years19), with the addition of the FDNPP-derived 137Cs during 2018–2022. However, 
despite the subarctic current, the 137Cs concentrations in the EKC in and around the Kamchatka Strait were higher 
than those in the other  currents8,9, reflecting larger contribution of the FDNPP-derived 137Cs.

The 137Cs concentrations at the surface in the off-Doto region exhibited lateral variations every year; the 
concentrations levels differed for each current type, reflecting the combination of global fallout- and FDNPP-
derived 137Cs (Fig. 2b). Additionally, the 137Cs concentrations were highest in October 2020 (1.4–1.7 mBq/L), 
but subsequently decreased, as can be seen from the concentrations of the samples in October 2021. The 137Cs 
concentrations in the off-Doto region in October 2021 and January 2022 were lower than those in October 2020 
and January 2021.

In contrast, owing to the short half-life of 134Cs, the 134Cs concentrations, decay-corrected to the sampling 
date, decreased from ~ 0.1 to ~ 0.01 mBq/L in the samples from the current source areas off-Doto and from ~ 0.06 
to ~ 0.01 mBq/L in the samples from the off-Doto region during this period (Fig. 2c,d).

To simplify the comparison of the concentrations of FDNPP-derived radiocesium, we focused on the 134Cs 
concentrations, and eliminated the effect of radioactive decay by decay-correcting the concentrations to the date 
of the FDNPP accident based on the physical half-life (2.06 years) (Fig. 2e,f). In the surface seawaters of the west-
ern Bering Sea and EKC area, the 134Cs concentrations (decay-corrected to the accident date) exhibited a small 
variation (1–2 mBq/L) between 2018 and 2020 after an initial increase between 2013 and 2017 (0.5–1 mBq/L)8,9 
(Fig. 2e). The 134Cs concentrations in the EKC showed the highest values among the source waters in the off-Doto 
region. This indicates that 134Cs was transported from the western Bering Sea, particularly from 2017.

The 134Cs concentrations in the subtropical SWC showed a small variation between 2018 and 2021, ranging 
from 0.5 to 0.8 mBq/L. Furthermore, the values were slightly lower than those in the KWC in the Pacific Ocean 
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Figure 1.  (a) Seawater sampling locations around the Honshu and (b) Hokkaido islands in Japan, along with 
the major current  systems14–16. 228Ra concentrations vs. salinity in the source currents to the off-Doto region 
in (c) the adjacent sea areas and (d) the off-Doto region, with the data areas of in the source currents, and (e) 
temporal variation in 228Ra concentrations at the sea surface in the off-Doto region during 2018–2022. Data 
regarding the SWC, ESC/OSW, OYC, and off-Doto waters in 2018 are partially from previous  reports10.
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along the side of the Japan islands. This is probably because the KWC is diluted by the continental shelf water 
less contaminated with 134Cs from the western East China Sea and the subarctic currents off the western coast 
of Hokkaido in the northeastern Sea of  Japan20.

Figure 2.  Temporal variations during 2018–2022: 137Cs concentrations at the sea areas (a) adjacent to and (b) 
in the off-Doto region decay-corrected to the sampling date, with the decay curves calculated based on the 
effective half-life (13.7 years)19 and considering 0.9 mBq/L for the EKC and 1.4 mBq/L for the SWC in March 
2011,  respectively10; 134Cs concentrations in the sea areas (c) adjacent to and (d) in the off-Doto region decay-
corrected to the sampling date; and 134Cs concentrations (e) adjacent to and (f) in the off-Doto region decay-
corrected to the date of the FDNPP accident. Data of the ICW, EKC, and off-Doto waters in 2018 and 2019 are 
from previous  reports8,10,21.
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In contrast, the 134Cs concentrations in the ESC/OSW in the southwestern Sea of Okhotsk, including the 
intermediate cold water (ICW; ~ 50–300 m in depth), continued to increase from 0.3–0.4 mBq/L in 2019 to 
0.4–0.7 mBq/L in 2021, following an increase in concentration that previously occurred between 2013 and  201721. 
This was ascribed to an increase in 134Cs concentrations in the EKC that entered the Sea of Okhotsk.

The wide lateral variations in 134Cs concentrations in the off-Doto region in both 2018 and 2019 were 
explained by the mixing patterns of the SWC, ESC/OSW, and  OYC10. The 134Cs concentrations in the off-Doto 
region also exhibited wide variation each year during 2020–2022 (e.g., 0.8–1.2 mBq/L in 2020) (Fig. 2f), reflect-
ing the circulation paths and concentration level in each current. Additionally, the 134Cs concentrations at the 
surface in the off-Doto region showed large annual variation; the mean concentrations gradually increased from 
0.6 mBq/L in October 2018 to 0.7 mBq/L in October 2019, and then to 1.0 mBq/L in October 2020. Notably, 
the 134Cs concentrations of all the current systems were also higher in October 2020 (mean; OY–KW-waters, 
1.2 mBq/L; OY–E/O–S-waters, 1.1 mBq/L; S-waters, 0.9 mBq/L) and January 2021 (OY–E/O–S-water, 1.1 mBq/L) 
than in other years. However, in contrast, the 134Cs concentrations decreased to a mean value of 0.7 mBq/L in 
October 2021. Furthermore, reflecting the different current patterns between October and  January16,22,23, the 
134Cs concentrations in January were lower than those in October. However, the concentrations in the seawaters 
also decreased from a mean of 0.8 mBq/L in January 2021 to 0.5 mBq/L in January 2022.

Discussion
The 137Cs concentrations in the areas adjacent to the off-Doto region showed a wide variation, with particularly 
low values in the ESC/OSW in the southwestern Sea of Okhotsk, thereby retaining the features of the global 
fallout-derived concentrations (Fig. 2a). In contrast, the high 137Cs concentrations in the subarctic EKC can be 
attributed to the addition of the FDNPP-derived 137Cs. The variation in the off-Doto region is smaller, including 
the E/O–S-waters—which are highly affected by the ESC/OSW (Fig. 2b). This is ascribed to the addition of the 
FDNPP-derived 137Cs to the E/O–S-waters via the OYC in the off-Doto region.

Reflecting the seasonal variation of current patterns, the contribution of the ESC (and consequently, the 
OSW) to the surface in the off-Doto region is higher in January than in  October16 (Fig. 1d). This explains the 
lower 137Cs concentrations in January 2021 and 2022 (Fig. 2b). The high 137Cs concentrations in the OY–KW-
waters, on the other hand, are ascribed to the KWC, which comprises the high global fallout-derived 137Cs, and 
the addition of the FDNPP-derived 137Cs.

The 134Cs concentrations of surface seawaters in the off-Doto region in October 2018–2021 are plotted against 
salinity in Fig. 3, along with the data of the KWC- and SWC-dominated waters. In 2020, the OY–KW-waters 
had the highest 134Cs concentrations in all currents and sampling period, along with higher salinity (and higher 
water temperature; Table S1) than in other samples collected from the Hokkaido side. From the lower 134Cs con-
centrations with small annual variations in the KWC- and SWC-dominated waters (Fig. 2e), it can be presumed 
that these subtropical currents did not contribute to the increase in 134Cs concentrations in the OY–KW-waters 
in 2020.

Figure 3.  134Cs concentrations decay-corrected to the date of the FDNPP accident vs. salinity at the surface in 
the off-Doto region in October 2018–2021 along with the data of SWC- and KWC-dominated waters in mainly 
July 2018–2021.
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Notably, the 134Cs concentrations in the OY–E/O–S-waters in October 2020 (and January 2021) are signifi-
cantly higher than those in other periods (Figs. 2f and 3). From the higher salinity and higher 228Ra concen-
trations among the OY–E/O–S-waters (Figs. 1d and 3), it is evident that the OY–E/O–S-waters in 2020 had a 
lower fraction of the EKC–OYC than in other years. Additionally, the salinity in S-waters in 2020 was higher 
than that in other years, indicating a lower fraction of the low-salinity EKC–OYC. The 134Cs concentrations in 
the OY–E/O–S- and S-waters subsequently decreased in October 2021. Additionally, the contribution of the 
FDNPP-derived 137Cs in the OY–E/O–S- and S-waters decreased steeply from 2020 to 2021, reflecting a decrease 
in the FDNPP-derived 137Cs in the current systems. Therefore, the highest 134Cs and 137Cs concentrations in the 
OY–KW- and OY–E/O–S-waters in 2020 can be predominantly attributed to the mixing of the OYC—which had 
the highest FDNPP-derived radiocesium concentrations in 2020—reaching the off-Doto region. The FDNPP-
derived radiocesium concentrations in the off-Doto region reaching a maximum in 2020 implies that the sub-
arctic ocean-scale current systems in the northern North Pacific Ocean have a timescale of ~ 10 years. Higher 
134Cs concentrations in the S-waters in 2020 possibly indicate the effect of the OYC on the coastal Doto, although 
the contribution was not very large.

In 2020, the 134Cs concentrations in the OYC-affected waters (the OY–E/O–S- and OY–KW-waters) in the 
off-Doto region (mean: 1.1 mBq/L) were ~ 1/8–1/10 times those in the surface waters in the transient area to the 
side of the Japan islands in  201224 and ~ 1/6 times those in the waters off the western American Coast in  20156. 
The annual variation in 134Cs concentrations in the western Bering Sea (i.e., no notable concentration peak in 
2017–2020)9 and the off-Doto region do not closely agree. This could be ascribed to the retention of 134Cs within 
the marginal Bering Sea and an annual change in the current paths in the upper EKC areas. Additionally, the 
disagreement in 134Cs concentrations in the ESC/OSW and ICW in the southwestern Sea of Okhotsk and the 
off-Doto region (Fig. 2e) reflects the time lag in the transport of 134Cs after the entry of the EKC along the Kuril 
Islands (~ 2 years)21,25.

In contrast to the significant dilution of the EKC caused by current mixing (maximum fraction of the upper 
EKC waters in the off-Doto region: ~ 0.4)10, the 134Cs concentrations in the OYC-affected waters in 2020 exhibited 
a small change (~ 1/2–1 times) in the EKC area. Additionally, in 2020, the concentrations in the S-waters (Fig. 3) 
were slightly lower than those in the OYC-affected waters. Therefore, the smaller decrease in the concentrations 
in the off-Doto region can be ascribed to the mixing of the 134Cs-contaminated currents (i.e., mixing of the SWC 
and ESC with the coastal waters and the KWC with the offshore off-Doto waters), which differs from the case of 
the dispersion-dominated areas (e.g., the western American Coast side to western Bering Sea).

The transport patterns of 134Cs in the northern North Pacific Ocean and the off-Doto region are presented 
schematically in Fig. 4:(i) 134Cs transport-dominated process: After widespread radioactive  deposition2,3, a core 
highly contaminated with 134Cs was observed in the side of the Japan islands along the Kuroshio–Oyashio tran-
sition area (8–10 mBq/L) in  201224 and off the western American Coast (~ 6 mBq/L) in  20156.(ii) Dispersion 
process: Owing to the lateral and downward dispersions, 134Cs concentrations steeply decreased to 1–2 mBq/L in 
2017–20207–9 before reaching the Bering Sea and within it.(iii) Retention and circulation processes: High 134Cs 

Figure 4.  A schematic image illustrating the transport of 134Cs in the northern North Pacific Ocean, including 
the timescale, after the 2011 FDNPP  accident6–10,24 and in the off-Doto region in 2020 (details in text and each 
reference).



7

Vol.:(0123456789)

Scientific Reports |         (2023) 13:7524  | https://doi.org/10.1038/s41598-023-34775-8

www.nature.com/scientificreports/

concentrations (1–2 mBq/L) were continually recorded in the western Bering Sea in 2017–20209, indicating the 
long residence time of 134Cs.(iv) Current mixing process: In 2020, the OYC highly contaminated with 134Cs had 
partially arrived the off-Doto region, showing a small decrease in the concentrations by mixing of other subarctic 
(e.g., ESC/OSW) and subtropical currents less contaminated with 134Cs.

The spatiotemporal distributions of radiocesium, particularly those of 134Cs, investigated in this study can 
provide a basis for predicting the transport, dispersion, and mixing patterns of soluble contaminants in the 
northern North Pacific Ocean, over a time.

Materials and methods
The locations of the seawater sampling sites are shown in Table S1. We collected 41 seawater samples (~ 120 L 
each; ~ 100 L and ~ 20 L for radiocesium and 228Ra measurements, respectively) from the sea surface (depths of 
0–2 m) in and around the off-Doto region between September 2020 and January 2022 during expeditions of the 
R/Vs Hokko Maru, Wakataka Maru, and Soyo Maru.

The chemical procedures for collecting radiocesium and 228Ra from seawater samples are detailed 
 elsewhere26,27. 134Cs and 137Cs were separated quantitatively via co-precipitation by adding 1.04 g of CsCl and 
16.0 g of ammonium phosphomolybdate (AMP) to ~ 80–100 L aliquots of unfiltered seawater samples. Subse-
quently, after adjusting the pH to 1 by adding another ~ 20 L aliquot of seawater, a Ba carrier minimally contami-
nated with radium was added, and  BaSO4 was precipitated with the radium isotopes. The chemical yields were 
90–93% for cesium isotopes and 92–100% for radium isotopes, based on the yields of the AMP/Cs (with a 95% 
mean removal yield of radiocesium from seawater during AMP treatment) and  BaSO4 fractions, respectively.

Low-background γ-spectrometry was performed on all AMP/Cs and  BaSO4 samples using Ge-detectors which 
were installed in the Ogoya Underground Laboratory,  Japan28 and were completely shielded using 210Pb-free old 
lead. The spectrometry was performed for ~ 7 (radiocesium) or ~ 3 (radium) counting days. The 134Cs (605 keV) 
and 137Cs (662 keV) concentrations in the AMP/Cs fractions were calibrated using an AMP/Cs mock-up sample 
with known concentrations of 134Cs and 137Cs. The 226Ra (214Pb; 295 and 352 keV) concentrations were calibrated 
using a mock-up sample with approximately the same chemical composition as that of the water samples, includ-
ing the uranium standard issued by New Brunswick Laboratory, U.S.A. (NBL-42–1) and 228Ra (228Ac; 338 and 
911 keV), based on the detection efficiency curve, respectively. The analytical precision, based on 1σ statistics, 
was approximately 15–40% for 134Cs, 1–2% for 137Cs, 3–8% for 226Ra, and 10–30% for 228Ra.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on 
reasonable request.

Received: 27 December 2022; Accepted: 8 May 2023

References
 1. Buesseler, K. et al. Fukushima Daiichi-derived radionuclides in the ocean: Transport, fate, and impacts. Annu. Rev. Mar. Sci. 9, 

173–203 (2017).
 2. Kawamura, H., Kobayashi, T., Furuno, A., Usui, N. & Kamachi, M. Numerical simulation on the long-term variation of radioactive 

cesium concentration in the North Pacific due to the Fukushima disaster. J. Environ. Radioact. 136, 64–75 (2014).
 3. Aoyama, M. et al. Radiocaesium derived from the TEPCO Fukushima accident in the North Pacific Ocean: Surface transport 

processes until 2017. J. Environ. Radioact. 189, 93–102 (2018).
 4. Takata, H., Kusakabe, M., Inatomi, N. & Ikenoue, T. Appearances of Fukushima Daiichi Nuclear Power Plant derived 137Cs in 

coastal waters around Japan: Results from marine monitoring off nuclear power plants and facilities, 1983–2016. Environ. Sci. 
Tech. 52, 2629–2637 (2018).

 5. Inoue, M. et al. Circulation paths of 134Cs in seawater southwest of Japan in 2018 and 2019. J. Environ. Radioact. 223–224, 106382 
(2020).

 6. Smith, J. N. et al. Recent transport history of radioactivity in the Northeast Pacific Ocean. Environ. Sci. Tech. 51, 10494–10502 
(2017).

 7. Huang, D., Lin, J., Du, J. & Yu, T. The detection of Fukushima-derived radiocesium in the Bering Sea and Arctic Ocean six years 
after the nuclear accident. Environ. Pull. 256, 113386 (2020).

 8. Inoue, M. et al. Distributions of radiocesium and radium isotopes in the western Bering Sea in 2018. Mar. Chem. 225, 103843 
(2020).

 9. Kumamoto, Y. et al. Fukushima-derived radiocesium in the western subarctic area of the North Pacific Ocean, Bering Sea, and 
Arctic Ocean in 2019 and 2020. J. Environ. Radioactivity 251–252, 106949 (2022).

 10. Inoue, M. et al. Lateral variations of 134Cs and 228Ra concentrations in surface waters in the western North Pacific and its marginal 
sea (2018–2019): Implications for basin-scale and local current circulations. Prog. Oceanogr. 195, 102587 (2021).

 11. Nozaki, Y., Kasemsupaya, V. & Tsubota, H. The distribution of 228Ra and 226Ra in the surface waters of the northern North Pacific. 
Geochem. J. 24, 1–6 (1990).

 12. Inoue, M. et al. Migration area of the Tsushima Warm Current Branches within the Sea of Japan: Implications from transport of 
228Ra. Cont. Shelf Res. 143, 167–174 (2017).

 13. Inoue, M. Surface distribution of 228Ra in and around the Sea of Japan: Implications for water migration and delivery of soluble 
contaminants. Trans-Boundary Pollution in North-East Asia. pp. 261–278. Nova Science Publishers (2018).

 14. Takizawa, T. Characteristics of the Soya Warm current in the Okhotsk Sea. J. Oceanogr. Soc. Jpn. 38, 281–292 (1982).
 15. Yasuda, I. North Pacific intermediate water: Progress in SAGE (SubArctic Gyre Experiment) and related projects. J. Oceanogr. 60, 

385–395 (2004).
 16. Oguma, S. et al. Isotopic tracers for water masses in the coastal region of Eastern Hokkaido. J. Oceanogr. 64, 525–539 (2008).
 17. Inoue, M. et al. Spatial variations of 226Ra, 228Ra, 137Cs, and 228Th activities in the southwestern Okhotsk Sea. J. Environ. Radioact. 

104, 75–80 (2012).
 18. Inoue, M. et al. Migration of the FDNPP-derived 134Cs and 137Cs along with 226Ra and 228Ra concentrations across the northwestern 

North Pacific Ocean. J. Environ. Radioact. 162–163, 33–38 (2016).



8

Vol:.(1234567890)

Scientific Reports |         (2023) 13:7524  | https://doi.org/10.1038/s41598-023-34775-8

www.nature.com/scientificreports/

 19. Povinec, P. P. et al. 90Sr, 137Cs and 239+240Pu concentration surface water time series in the Pacific and Indian Oceans—WOMARS 
results. J. Environ. Radioact. 81, 63–87 (2005).

 20. Inoue, M. et al. Convection of surface water in the northeastern Japan Sea: Implications from vertical profiles of 134Cs concentra-
tions. Mar. Chem. 214, 103661 (2019).

 21. Inoue, M. et al. Transport paths of radiocesium and radium isotopes in the intermediate layer of the southwestern Sea of Okhotsk. 
J. Environ. Radioactivity 250, 106931 (2022).

 22. Rosa, A. L., Isoda, Y., Uehara, K. & Aiki, T. Seasonal variations of water system distribution and flow patterns in the southern sea 
area of Hokkaido. Japan. J. Oceanogr. 63, 573–588 (2007).

 23. Kusaka, A., Azumaya, T. & Kawasaki, Y. Monthly variations of hydrographic structures and water mass distribution off the Doto 
area. Japan. J. Oceanogr. 69, 295–312 (2013).

 24. Kumamoto, Y. et al. Zonal and vertical transports of Fukushima-derived radiocesium in the subarctic gyre of the North Pacific 
until 2014. J. Environ. Radioact. 247, 106864 (2022).

 25. Matsuda, J. et al. Overturning circulation that ventilates the intermediate layer of the Sea of Okhotsk and the North Pacific: The 
role of salinity advection. J. Geophys. Res. 120, 1462–1489 (2015).

 26. Nakano, Y., Inoue, M. & Komura, K. A simple coprecipitation method combined with low-background γ-spectrometry: Deter-
mination of 7Be, 137Cs, 210Pb, and radium and thorium isotopes in small-volume coastal water samples. J. Oceanogr. 64, 713–717 
(2008).

 27. Inoue, M. et al. Spatial variations of low levels of 134Cs and 137Cs in seawaters within the Sea of Japan after the Fukushima Dai-ichi 
Nuclear Power Plant accident. Appl. Radiat. Isot. 81, 340–343 (2013).

 28. Hamajima, Y. & Komura, K. Background components of Ge detectors in Ogoya underground laboratory. Appl. Radiat. Isot. 61, 
179–183 (2004).

Acknowledgements
We are grateful to the researchers, captain, and crew onboard of the R/Vs Hokko Maru, Wakataka Maru, and 
Soyo Maru for their assistance during sampling. This research was supported in part by the Japan Society for the 
Promotion of Science (JSPS) KAKENHI (grant no. JP18K11615 and 21H03575). The maps in the figures were 
drawn using Ocean Data View ver. 5.5.1 (http:// odv. awi. de).

Author contributions
M.I. designed the study and wrote the paper. K.M., H.K., H.M., and Y.H. performed the radiocesium and radium 
measurements. Y.T., T.N., and T.M. conducted seawater sampling. S.N. supervised the project.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 34775-8.

Correspondence and requests for materials should be addressed to M.I.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

http://odv.awi.de
https://doi.org/10.1038/s41598-023-34775-8
https://doi.org/10.1038/s41598-023-34775-8
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

