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ARTICLE INFO ABSTRACT

Keywords: Transuranium elements such as Np, Pu and Am, are considered to be the most important radioactive elements in

Transuranium radionuclides view of their biological toxicity and environmental impact. Concentrations of 2*’Np, Pu isotopes and 2!Am in

;apan sea two sediment cores collected from Peter the Great Bay of Japan Sea were determined using radiochemical
ources

separation combined with inductively coupled plasma mass spectrometry (ICP-MS) measurement. The 239,240py

and 2*'Am concentrations in all sediment samples range from 0.01 Bq/kg to 2.02 Bq/kg and from 0.01 Bg/kg to
1.11 Bq/kg, respectively, which are comparable to reported values in the investigated area. The average atomic
ratios of 24°Pu/23°Pu (0.20 + 0.02 and 0.21 + 0.01) and 2*'Am/239+240py activity ratios (3.32 =+ 2.76 and 0.45
=+ 0.17) in the two sediment cores indicated that the sources of Pu and Am in this area are global fallout and the
Pacific Proving Grounds through the movement of prevailing ocean currents, and no measurable release of Np,
Pu and Am from the local K-431 nuclear submarine incident was observed. The extremely low 2*’Np/23°Pu
atomic ratios ((2.0-2.5) x 10’4) in this area are mainly attributed to the discrepancy of their different chemical
behaviors in the ocean due to the relatively higher solubility of 237Np compared to particle active plutonium
isotopes. It was estimated using two end members model that 23% + 6% of transuranium radionuclides origi-
nated from the Pacific Proving Grounds tests, and the rest (ca. 77%) from global fallout.

Environmental radioactivity
Migration behaviors

1. Introduction studied (Yoshida and Kanda, 2012; Buesseler et al., 2017). However,

some small nuclear accidents (e.g., Russian K-431 submarine accident at

Isotopes of transuranium elements such as neptunium (Np), pluto-
nium (Pu) and americium (Am) have long half-lives (**'Np, T1 5 = 2.14
x 10° y;2%Pu, T1 /5 = 2.44 x 10%y; 40Py, Ty, = 6.58 x 10° y; 2*'Am,
T1/2 = 432.7 y) and high biological toxicity (Dozol et al., 1993; Beasley
et al., 1998; Assinder, 1999). In general, these isotopes are mainly
released into the environment as a result of major nuclear activities
including atmospheric nuclear weapons testing, nuclear accidents (e.g.,
Chernobyl accident in 1986, Fukushima accident in 2011) as well as
discharges from nuclear reprocessing facilities (e.g., La Hague, Sella-
field) (Aarkrog, 2003; Zheng et al., 2012). The influences of trans-
uranium radionuclides released from these major nuclear activities on
the marine, atmospheric and terrestrial environment have been well

Chazhma Bay in Japan Sea) were usually prone to be ignored (Sarkisov
and Vysotskii, 2021). Therefore, the need for reasonable assessment of
transuranium radionuclides released from the accident into the envi-
ronment (e.g., marine) is even more pronounced.

Based on the ratios of 24°pu/?*°py, 237Np/239Pu and
24 Am /239+240py for specific sources, transuranium radionuclides in the
environment have been used for source identification and contamina-
tion assessment (Hou and Roos, 2008; Huang et al., 2023a, 2023b; Ni
etal., 2020). In general, the 240py; /239py atomic ratio is less than 0.07 for
weapons-grade plutonium, 0.17-0.19 for global atmospheric deposition
and 0.2-0.8 for nuclear fuel reprocessing (Kelley et al., 1999; Dai et al.,
2002). The 2*'Am/?*°t240py activity ratio can also provide useful
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information for source identification. The 2*'Am/?3°+240py activity
ratio of 0.35 (decay corrected to 2022) in environmental samples only
affected by the global atmospheric deposition was reported observed
(Zheng et al., 2012). Although *’Np,/**°Pu atomic ratio can also be used
as a specific indicator to investigate the source of transuranium radio-
nuclides in the environment, it often needs to be used in combination
with other indicators since Np more easily migrates in the environment
compared with Pu (Zhang et al., 2022). In addition, transuranium ra-
dionuclides from global and/or local releases into the environment can
be considered as excellent tracers for the investigation of water circu-
lation in the ocean (Dai et al., 2002; Wu et al., 2014).

The Japan Sea is the marginal sea in the northwestern Pacific Ocean
and is connected with the East China Sea through the Tsushima Straits,
the northwestern Pacific Ocean through the Tsugaru Strait, the Okhotsk
Sea through Soya strait and Mamiya strait. Some studies have reported
that the water mass from the Pacific Proving Grounds (PPG) can be
transported from the north equatorial area to Japan Sea by the Kuroshio
invasion, which can carry artificial long-lived radionuclides such as
237Np and 239+240py (Wang et al., 2022). Furthermore, the K-431 nu-
clear submarine accident in August 1985 caused a serious nuclear
release at Peter the Great Bay of Japan Sea (Sarkisov and Vysotskii,
2021), used as a base of the Russian Pacific Fleet. Short half-life radio-
nuclides (e.g., 60Co, 90Sr, 134Cs, 137Cs, 1311, 133) released from this ac-
cident have been measured in the marine environment and atmosphere
near Vladivostok Peninsula (Takano et al., 2001; Ikeuchi, 2003). To the
best of our knowledge, no data have been reported so far for the level
and distribution of Np, Pu and Am isotopes in this area.

This study aims to investigate the level, distribution and sources of
transuranium radionuclides at Peter the Great Bay in Japan Sea, and to
assess the impact of the K-431 nuclear submarine accident and other
nuclear activities on the investigated area. This is achieved by analyzing
sediment samples collected from this area for 2¥’Np, 2°Pu, 24%Pu and
241Am using radiochemical separation and ICP-MS/MS measurement.
The migration behaviors of 2>’Np, 22°*240py and 2*!Am in this area are
also predicted.

2. Materials and methods
2.1. Sample collection

Peter the Great Bay is located in the northwestern part of the Japan
Sea at the border of the temperate and subtropical zones (Fig. 1). Amur

Bay and Ussuri Bay are the largest bays in Peter the Great Bay. The
Razdolnaya river flows into the northern part of Amur Bay, which
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extends from south-west to north-east for 70 km, with a width of 10-22
km and an average depth of 30 m. Many rivers, including Knevichanka
River, Artemovka River, Shkotovka River as well as some other small
rivers, flow into Ussuri Bay. Those rivers could carry a large amount of
mud and sand into Ussuri Bay.

Two sediment cores of JS-2 with the length of 64 cm and JS-4 with
the length of 34 cm were collected from Peter the Great Bay (43.15°N,
132°E) in 2022 (Fig. 1) using a modified percussion forcer tube with the
diameter of 110 mm (Zheleznova et al., 2024). The sediment cores were
stored in a 4 °C refrigerator and shipped to the laboratory within
approximately two weeks. The sediment cores were sliced at 1 cm in-
tervals and then the samples were freeze-dried in polyethylene con-
tainers. The dried samples were ground and sieved through a 200-mesh
sieve. The samples were sealed in plastic bags and transported to the
radiochemical laboratory in Lanzhou University, China for determina-
tion of transuranium radionuclides.

2.2. Sample preparation and measurement

The sediment samples were simultaneously analyzed for 2*’Np,
239py, 240py and 2" Am using radiochemical separation in combination
with ICP-MS/MS measurement. A brief description of the analytical
method is presented here, and the detailed analytical method has been
reported elsewhere (Xing et al., 2018, 2023). Briefly, about 2-5 g of the
dried sample was ashed at 450 °C for at least 6 h. The ashed sample was
spiked 0.5 pg of 2*2Pu and 0.5 pg of 2**Am as yield tracers and then
leached with 40 mL of aqua regia at 180 °C for 2.5 h on a hotplate. After
cooling, the sample was filtered through a glass fiber filter of 2 pm in
pore size, and ammonium and 50 mg of TiOCl, were added to the
leachate to co-precipitate Np, Pu and Am with HTiO by adjusting to pH
7-8. The precipitate was then dissolved in 8 mol/L HNO3 medium using
concentrated HNO3, and 0.02 mol/L NaNO, was added to adjust the
overall Np, Pu and Am to Np (VI), Pu (IV) and Am (III) in 8 mol/L HNOg
medium prior to chromatographic separation. Np, Pu and Am were
separated and purified by using the TK200 resin and DGA resin columns
(1 cm in diameter and 3.5 cm in length). Pu and Np were eluted from
TK-200 resin with 40 mL of 0.5 mol/L HCI and 0.1 mol/L NH,OH-HCl,
and Am was eluted from DGA resin with 40 mL of 0.05 mol/L HCl.

The separated Np, Pu and Am in eluates were heated to near dryness
and dissolved in 3 mL 0.5 mol/L HNOj3 for the measurement by ICP-MS/
MS (Agilent 8900 ICP-MS, USA). The minimum detection limits of
B7Np, 2%%Pu, 2*%Pu and 2"'Am were 1.8 fg, 6.7 fg, 3.0 fg, 0.9 fg,
respectively. The results of measured certified reference materials are
shown in Table S1. The accuracies of the 237Np, 23%py, 249py and 2*'Am
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Fig. 1. Sampling sites of sediment cores in the northwest of Japan Sea (red squares) and K-431 nuclear leak accident. (For interpretation of the references to colour in

this figure legend, the reader is referred to the Web version of this article.)
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were in good agreement (within 95% confidence interval) with the
certified and previously reported values. No significant discrepancies
among the analytical results of 22’Np (0.0019 + 0.0003 Bq/kg for IAEA-
384 and 0.019 + 0.002 Bq/kg for IAEA-385), 23°Pu (96.13 + 7.89 Bq/kg
for IAEA-384 and 2.13 + 0.33 Bq/kg for IAEA-385), 2*°Pu (17.60 + 3.80
Bq/kg for IAEA-384 and 1.09 + 0.07 Bq/kg for IAEA-385) and 2*'Am
(38.22 + 1.15 Bq/kg for IAEA-384 and 21.35 + 2.63 Bq/kg for IAEA-
385) was observed, and all the measured values for the IAEA-384 and
IAEA-385 agreed well with their certificated values (Povinec et al.,
2007; Pham et al., 2008). Chemical yield of all transuranium elements in
samples ranged from 70% to 90%.

2.3. The CDE migration model

The vertical migration of Np, Pu and Am with a concentration of C
(Bq/crn3) in marine sediments can be characterized by a one-dimension
convection-dispersion equation (CDE) (Tsabaris et al., 2015):

o _ pdC _
0t_Dz)x2

coefficient; v (cm/y) is the effective convection velocity; A (y’l) is the
decay constant; t (y) is the time since radionuclide deposition to the
surface sediment and x (cm) is the sediment depth. Given the relatively
slow migration rate of nuclides, the surrounding environment is usually
assumed to be relatively uniform and stable, such as the constant
amount of particulate matter and water content (Kirchner et al., 2009).
Due to the long half-lives of 23’Np, 2% 24°py and 24! Am, their decay can
also be ignored in the solution to Equation (1).

Since Np, Pu and Am in sediment samples originate from human
nuclear activities which mainly occurred in the early 1960s, the input of
radionuclides to the sediment can be treated like a single pulse. The
following simplified solution has been widely used (Bu et al., 2014)

vg—f — AC (1) where D (cmz/y) is the effective dispersion

1 o

4Dt 2
24/ ﬂDte 2

where Cy is the amount of Np, Pu and Am at present, which can be
calculated by the measured distribution. Based on the vertical distri-
bution of Np, Pu and Am in the sediment core, the effective dispersion
coefficient and effective convection velocity can be fitted. The two
sediment cores were fitted by using an unweighted nonlinear least-
squares fitting procedure in commercial statistical software (Origin,

C(X, t) =Cy
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2022; Origin Lab, USA).
3. Results and discussion

3.1. Level and distribution of ?>’Np, 23>?%°py and ?*'Am in sediment
cores

The concentrations of 23’Np, 23°+240py and 2*!Am in the two sedi-
ment cores (JS-2 and JS-4) are shown in Fig. 2 and Table S2. The
239+249py concentrations ranged from 0.01 to 2.02 Bq/kg in JS-2 and
from 0.15 to 0.66 Bq/kg in JS-4, which are comparable to the 23%+24%py
concentrations of 0.04-3.61 Bq/kg in Japan Sea (Zheng and Yamada,
2005) and 0.002-3.079 Bq/kg in East coast of Japan (Bu et al., 2013).
Similarly, the measured 241 Am concentrations (0.02-1.11 Bq/kg in JS-2
and 0.01-0.46 Bq/kg in JS-4) in this work fall into the reported range
0.03-2.40 Bq/kg in Japan Sea (Yamada and Oikawa, 2022). 23’Np
concentrations ranged from 0.01 to 1.02 mBq/kg in JS-2 and from 0.11
to 0.78 mBq/kg in JS-4, which are slightly higher than those for Np
(0.04-0.28 mBq/kg) in sediment samples near Qinshan and Tianwan
nuclear power plants (Ni et al., 2020), and basically consistent with
those in Xingkai Lake sediments (0.02-2.20 mBq/kg) (Zhang et al.,
2022) and Japan soil samples (0.02-2.79 mBq/kg) (Zheng et al., 2022,
2023). From the perspective of 23’Np, 239+240py (239py + 24%py) and
24 Am concentrations, no significant environmental contamination was
observed in the investigated area.

As shown in Fig. 2a, the 2397240py activities in JS-2 rapidly increased
with the increasing of depth and showed a maximum value at 5-6 cm,
and then exponentially decreased along depth. The activity of >*'Am
and 2*"Np showed a similar distribution as that of 23°+24°py (Fig. 2b and
c) in that their maximum activities occurred at the depth of 5-6 cm. The
peak of Pu isotopes at 5-6 cm at JS-2 are similar to the reported values in
sediment core collected from Xingkai Lake (Zhang et al., 2022) and the
Japan Sea (Lee et al., 1998). The 229t240py activities in JS-4 (Fig. 2d)
gradually increased with increasing depth, with maximum values at 24
cm, which was much deeper than JS-2. This indicated that the sedi-
mentation rate is much higher at this site. Similarly, the maximum ac-
tivities of 2! Am and 2”Np were observed at the depth of 24 cm (Fig. 2e
and f). It should be noted that it is difficult to find the depth of back-
ground level with measurable artificial radionuclides, since the sam-
pling depth in the sediment core of JS-4 is only 31 cm.
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J. Sun et al.

3.2. Sources of Pu isotopes, 2>’Np and ?*!Am in Peter the Great Bay of
Japan sea

The inventory and the ratio of radionuclides are generally used for
source identification (Zheng and Yamada, 2004). The inventory of
239+240py in JS-2 and JS-4 cores were estimated to be 87.79 Bq/m? and
54.06 Bq/m? respectively, which was consistent with the reported
values (66.2-99.5 Bq/mz) (Hong et al., 1999) in Peter the Great Bay.
However, the Pu inventory (87.79 Bq/mz) of JS-2 was higher than that
of global fallout (58 Bq/mz) at 40-50°N (Zheng and Yamada, 2005). As
shown in Fig. 2, the lower Pu inventory (54.06 Bq/mz) in JS-4 is
attributed to the insufficient sampling depth. Even so, it is reasonable to
assume that the Pu inventory in JS-4 could also be higher than that of
global fallout. Therefore, apart from the source of global fallout, the
237Np, Pu isotopes and 2*'Am in the study area could originate from the
contributions of other nuclear activities.

Based on the specific ratios of 24°Pu/23°pu, 2" Am/23°+240py and
Z7Np/?3°Pu of the different sources, these radionuclide ratios could be
used for source identification and estimation (Huang et al., 2023a; Wang
et al, 2017). Distribution of 2*°Pu/?*°Pu, 2"'Am/?*°*2%%py and
237Np/239Pu ratios in the sediment samples of JS-2 and JS-4 is presented
in Fig. 3. The results showed that 2*°Pu/23°Pu atomic ratios in JS-2
ranged from 0.15 to 0.24 with the average value of 0.20 £+ 0.02, and
the ratios in JS-4 ranged from 0.18 to 0.24 with the average value of
0.21 £ 0.01, which were slightly higher than that of the global fallout of
atmospheric nuclear weapon tests at 30-71°N (0.18 + 0.01) (Kelley
et al., 1999), suggesting the existence of regional sources in addition to
global fallout in the investigated area. It is well known that a large
number of nuclear tests were conducted in the PPG in 1946-1962
(Fig. 1) (Liu et al., 2013). The transuranium radionuclides released from
underwater tests and close-in fallout in the PPG were deposited in the
marine sediment, which was continuously released to the above water
body and transported to the northwest Pacific Ocean, such as the China
seas and even the Japan Sea, through the ocean currents of the North
Equatorial Current and the Kuroshio Current (Zheng and Yamada, 2004;
Wu et al., 2014). The 24°Pu/?°Pu atomic ratio of PPG was reported to be
0.30-0.36 (Zheng and Yamada, 2005), which could potentially
contribute to the elevated Pu inventory in the northwest of Japan Sea

20pu/~Pu atom ratio
02 04

HIAm/B* 20y activity ratio
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through the prevailing ocean currents transporting Pu derived from the
PPG. It can be seen in Fig. 3b and e that the average values of
2 Am /239+240py activity ratios in JS-2 and JS-4 are 3.32 + 2.76 and
0.45 + 0.17, respectively, which were obviously higher than that of
global fallout value (0.35 corrected to 2022) (Zheng et al., 2012) and
lower than that of PPG value (1.02 corrected to 2022) (Yamada and
Oikawa, 2022). This indicated that PPG should be another source of the
Pu and Am besides the global fallout in this area.

The K-431 nuclear submarine accident of the Russian Pacific Fleet in
Chazhma Bay (Sarkisov and Vysotskii, 2021) might be another source of
tranuranics in this area. The K-431 nuclear submarine was equipped
with a pressurized water reactor. Leakage from the nuclear reactor may
have released transuranium radionuclides, in this case, the 2*°Pu/2°Pu
atomic ratio is generally greater than 0.4 (Takano et al., 2001; Taylor
et al., 2001). The K-431 nuclear submarine accident and Fukushima
nuclear accident were reactor accidents. Zheng et al. (2013) has re-
ported that only a trace amount of Pu isotopes (~2 x 107> % of the core
inventory) from the Fukushima accident was released into the envi-
ronment via atmospheric deposition, and no significant Pu contamina-
tion in the near coastal area off Fukushima after the accident was
observed. Fukushima accident released about150-160 PBq of !3!I and
10—15 PBq of 137¢s to the atmosphere (Stohl et al., 2012; Hou et al.,
2013). Whereas the K-431 nuclear submarine leaked only 0.35 PBq *%Cs
and 2.9 x 107° PBq 1311 to the environment in 1990s (Takano et al.,
2001), which were several orders of magnitudes lower than these of
Fukushima accident. Therefore, we presume that the contribution of the
K-431 accident to the transuranic radionuclides in this sea area is
extremely small and can be ignored. In addition, from the perspective of
239+240py and 2 Am activities, no significant contamination of Pu iso-
topes was observed in this area. Moreover, since no contribution of
transuranium radionuclides from the Fukushima accident in neigh-
boring regions at the same latitude (e.g., Japan Sea, Changbai Mountain
in northeastern China, Korea Strait) has been observed (Xu et al., 2015;
Men et al., 2019; Guan et al., 2023), the contribution of tranuranium
radionuclides from Chernobyl accident and Fukushima accident in this
Bay is likely negligible.

The measured 2>’Np/23°Pu atomic ratios in the sediment samples of
JS-2 and JS-4 were (0.1-9.2) x 10~* and (0.9-3.5) x 10’4, with a mean
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value of (2.5 + 2.4) x 10"*and (2.0 + 0.5) x 1074, respectively (Fig. 3¢
and f), which were obviously lower than the characteristic value of
global fallout of atmospheric nuclear weapon tests (0.48 + 0.07) (Kelley
et al., 1999). The low 237Np/239Pu atomic ratio in the investigated area
might mainly be attributed to the different chemical properties and
environmental behaviors of plutonium and neptunium in the marine
system. Neptunium commonly presents as the soluble NpO3 in seawater,
and therefore was less prone to sediment deposition (Ni et al., 2020).
Therefore, the 237Np/239Pu atomic ratio for source identification in
sediment samples could be limited in view of their different physical and
chemical behaviors in the ocean.

3.3. Resolving global fallout and PPG

Two end-members meta-mixing models have been widely used for
the estimation of contribution between global fallout and PPG in this
field of study (Liu et al., 2011; Wu et al., 2014). To better understand the
two-end member meta-mixing model, we plotted in Fig. 4 the relation-
ship between the 24°Pu/23°Pu atomic ratio and the 23°*240py activity
(**°Pu + 2*°py) for two sediment cores. All data falls between the
characteristic values of global fallout and PPG, and the sources of Pu in
both sediment cores are dominated by global fallout of atmospheric
nuclear weapon tests.

A simple two-end member mixing model (Kelley et al., 1999) was
applied to quantitatively estimate the contribution of PPG and global
fallout to the Sea of Japan waters by:

(Pll)l;. (RG - Rs)(l + 367Rp)

(Pu);  (Rs — Rp)(1 +3.67Rg)
(Pu), + (Pu); = 100% 4

where (Pu) and R represent the 239+240py activity and the 240py /23%py
atomic ratio, respectively; the subscripts of P, G and S refer to the PPG,
Global fallout and Japan Sea, respectively. The value 3.67 is a factor
used to convert between the activity and the atom ratio of 24°Pu/?3%pu,
Rg and Rp were taken to be 0.180 + 0.014 and 0.33 + 0.03 (Zheng and
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Yamada, 2005; Wu et al., 2014). The results showed that the contribu-
tion of the PPG close-in fallout to the JS-2 and the JS-4 were in the range
of 18% =+ 8% and 27% + 10%, with the average of 23% + 6% in the
investigated area, which was consistent with the reported results (20%-—
23%) in Japan Sea (Zheng and Yamada, 2005). The results in this work
were much lower than the contribution of PPG to the South China Sea
(ca. 57%) (Dong et al., 2010), East China Sea (ca. 45%) (Liu et al., 2011),
the eastern coast of Japan (ca. 40%) (Bu et al., 2013). The transport
pathway of Pu from the PPG to the Japan Sea is shown in Fig. S1. Briefly,
it is hypothesized that the water mass carried transuranium radionu-
clides from PPG to the Northwest Pacific Ocean under the influence of
the North Equatorial Current and the Kuroshio Current, and then a
branch of the Kuroshio carried transuranium radionuclides to the Japan
Sea through the Tsushima Strait.

3.4. Migration of Pu isotopes, **’Np and ?*'Am in Japan sea

The activity peaks of 23’Np, Pu isotopes and 2*'Am were located at
the layer of 5.5 cm and 24 cm in the sediment cores of JS-2 and JS-4,
respectively (Fig. 2). This distribution records the sedimentation his-
tory of radionuclides in the investigated area. According to the principle
of these radionuclides as a time mark for sediment dating, the position of
the maximum peak could be marked as the year of 1964 since the main
source of transuranium radionuclides in the investigated ocean was the
global fallout of atmospheric nuclear weapon tests peaked in 1962 and 2
years lag between atmospheric weapons tests and the deposition on the
sea bed (Aarkrog, 2003; Zheng and Yamada, 2005; Hou and Roos,
2008). The mean sedimentation rate in JS-2 was thus estimated to be
0.09 cm/y, which was generally comparable to the results of Lee et al.
(1998) in the southern part of this study area (0.06-0.07 cm/y) (Lee
et al., 1998) and the Amur Bay (ca. 0.05 cm/y) (Kuzmenkova et al.,
2023). However, a much higher sedimentation rate 0.41 cm/y was
estimated at JS-4. The sediment core of JS-4 was collected in the Ussuri
Bay (Fig. 1). The rapid development of industrialization in Peter the
Great Bay region in recent years has led to the increase of agricultural
activities. Several large rivers (Knevichanka River, Artemovka River,
Shkotovka River, Lazurnaya River, etc.) flowing to the Ussuri Bay
(Semkin et al., 2015) could carry large amount of particulate matter to
Ussuri bay and increase the sedimentation rate.

For the investigation of the migration of transuranium radionuclides
in the sedimentary environment, the vertical distribution of radionu-
clides in the sedimentary column was fitted using the CDE model. The
fitting curve and experimental results are shown in Fig. S2. The fitting
parameters of JS-2 were slightly lower than JS-4 (Table 1). This might be
related to the sea current, particle size, pH, organic content and other
factors of the two sedimentary columns (Kirchner et al., 2009).

Based on the fitting parameters of the CDE model, the migrations of
Np, Pu and Am at different time scales (50, 100, 200 and 500 years) in
the sediment core of JS-2 and JS-4 were predicted. The results (Fig. 5)
showed that the peak values of Np, Pu and Am activities gradually
decreased during migration, and the width of the peak gradually
widened. The peak of Np, Puand Am in JS-2 will migrate to about 75 cm
after 500 years, while the peak in JS-4 is about 200 cm after 500 years.

4. Conclusions

This study investigated the level, distribution and sources of Np, Pu

Table 1
The obtained parameters v and D for>>”Np,%2°"24°py and**' Am in the Japan Sea
fitted to the CDE model.

Sample site 2Np 239+240py 2 Am

v D v D v D
JS-2 0.14 0.3 0.13 0.1 0.15 0.27
JS-4 0.47 1.63 0.71 3.69 0.63 1.68
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Fig. 5. Illustration of the downward migrations of Pu isotopes, 237Np and 2*'Am in JS-2(a, b, ¢) and JS-4(d, e, f) predicted by the CDE model after deposition in 1964.

and Am in the Peter the Great Bay of Japan Sea, and revealed the impact
of the K-431 nuclear submarine accident on the surrounding environ-
ment after more than three decades. Based on the results and discussion
above, it can be concluded: (1) The concentrations of 237Np (0.01-1.02
mBq/kg), 2%24°Py (0.01-1.11 Bq/kg) and 2*'Am (0.01-2.02 Bq/kg) in
all sediment samples fell in the range of the reported values in this area.
(2) Based on the average of 240py, /239py atomic ratios (0.20 4+ 0.02 and
0.21 + 0.01) and 2*!Am/23%+240py activity ratios (3.32 + 2.76 and 0.45
+ 0.17) in two sediment cores, the transuranium radionuclides origi-
nated from the global fallout and PPG. The contributions of PPG and the
global fallout were calculated to be 23% + 6% and 77% in this area,
respectively. The results indicated that the prevailing ocean currents
could carry radionuclides derived from the PPG to the investigated area.
(3) There is no measurable release of transuranium radionuclides from
the local K-431 submarine nuclear incident, and any contribution to the
local marine environment is negligible. (4) From the perspective of
237Np concentrations and 237Np/zg’gPu atomic ratios, 237Np is not suit-
able for source identification.
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