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Abstract: In August 2023, a significant release of radionuclides occurred from the Fukushima Daiichi nuclear power plants,
dispersing into the western Pacific Ocean. Sea spray aerosols (SSA) were identified as an important pathway for their
atmospheric transport. In this study, an SSA simulation chamber was employed to investigate the enrichment and transport
behavior of SSA generated from seawater containing nine different metal ions (Co’’, Ba>*, Mn*', Sb**, Cs", Sr**, Rh*', La**, and
Ru*). Radionuclides showed consistent enrichment with Ca*", Mg*', and K*, confirming SSA-mediated transport into the
atmosphere. Additionally, the enrichment factor analysis suggested that marine organic matter could enhance the atmospheric
emission of metal ions. Trajectory simulations further demonstrated that radionuclide-enriched SSAs can travel long distances,
contributing to atmospheric deposition in both marine and terrestrial environments. This study combines experimental and
modelling approaches to reveal radionuclides transport via SSAs and provides insights into their environmental impact.
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INTRODUCTION

The Fukushima Daiichi nuclear power plants (FDNPPs) discharged a substantial quantity of radionuclides
into the ocean on August 24, 2023. This has become a matter of great concern raising questions about the fate
and impact of these radionuclides on the marine ecosystem [1-7]. In recent years, the direct discharge of
radionuclides from nuclear accidents into the ocean has led to severe pollution, posing significant
environmental and health risks [8,9]. These incidents have raised concerns globally due to their potential
long-term impacts on marine ecosystems and human populations [10—12]. Among these accidents, large
quantities of radionuclides enter the ocean directly, and the radionuclides affect the entire northern
hemisphere and even parts of the southern hemisphere [11,13]. Due to the complexity of monitoring the
ocean, relatively few studies have performed comparative analysis of marine emissions and atmospheric
emissions.

As early as 2011, the severe accident that occurred at the FDNPP following a massive earthquake and
tsunami was classified as a Level 7 event, the highest level on the international nuclear accident scale, by the
International Atomic Energy Agency [14,15]. As a result of this incident, Japan was mandated to establish
and operate environmental radioactivity monitoring systems at nuclear power plants [16]. Over the past
thirteen years, substantial data from numerous studies on this accident have gradually been compiled into
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international literature [8,17-26]. Not only have changes in atmospheric radioactivity levels been monitored,
but the transport pathways of atmospheric radionuclides have also been extensively modeled [27-35]. While
land and atmospheric radioactivity levels of discharged radionuclides have been monitored, and although the
transport of radionuclides through the atmosphere and oceans has been modeled and predicted, few studies of
radioactivity in the marine environment have been reported [25]. The quantities of radionuclides discharged
into the ocean were substantial, primarily affecting the Pacific Ocean. The level of radioactivity in the ocean
around the site of the nuclear accident rapidly increased within a short time. Therefore, it is extremely urgent
to take measures to monitor and manage areas with high radioactivity caused by nuclear accidents.

Besides the concerns about increasing levels of radioactivity in the ocean, research on radionuclides
entering the oceans so far has mainly focused on their transport mechanisms and pathways [11]. One
significant pathway through which radioactive elements are transported is via sea spray aerosols (SSAs),
which are generated at the air-sea interface [36]. The SSAs can carry a wide range of substances including
salts, organic matter, microorganisms, and trace elements [37]. Moreover, these components can exhibit
varying degrees of enrichment or depletion within SSA, significantly influencing its properties and further
impacting the climate [38—41]. These aerosol particles may also carry radionuclides over long distances,
affecting not only local marine ecosystems but also regions far from the source of contamination.
Understanding the mechanisms and dynamics of radionuclides transport process via SSAs is crucial for
accurate risk assessment and mitigation strategies. Forward and backward air mass trajectory simulations are
of critical importance in tracing the pathways of these particles [42]. Forward trajectories assist in identifying
the transport routes of radionuclides that are enriched in SSA particles from their source regions, while
backward trajectories facilitate the determination of potential source areas for radionuclides observed in
specific locations [43,44]. This dual approach provides indispensable insights into how radionuclides, once
incorporated into SSA particles, are transported via atmospheric pathways, thereby amplifying their
environmental impact.

Furthermore, considering that the presence of organic components in seawater may influence the transport
behavior of radionuclides, organic matter may act as carriers or sorbents, thereby affecting the mobility and
bioavailability of radionuclides in the marine environment. Investigating the interactions between organic
compounds and radionuclides is essential for a comprehensive assessment of the fate and potential impacts of
nuclear contamination in the ocean.

The current research builds upon our custom-made SSA simulation chamber, proposing a potential
transport pathway of radionuclides and has two primary objectives. The first objective is to explore the
transport process of radionuclides through SSA, while simultaneously analyzing the concentration of
radionuclides in both seawater and SSA samples, and subsequently calculating their enrichment factors (EFs)
thereafter. The second objective is to investigate the impact of organic components in seawater on the
enrichment behavior of radionuclides. Given that this study focuses on chemical enrichment and partitioning
behavior, which is mainly driven by ionic interactions and adsorption processes [45], using non-radioactive
metals as proxies provides valid and reliable insights into the behavior of radionuclides. By integrating the
experimental data, unique insights into the enrichment behavior of radionuclides at the sea-air interface are
expected to be obtained. By combining experimental data and trajectory modelling, this study aims to
provide complementary insights into the enrichment mechanisms of radionuclides at the air-sea interface and

the transport dynamics of SSA particles to the atmosphere.

Page 2 of 17



Natl Sci Open, 2025, Vol.4, 20240022

MATERIALS AND METHODS

Materials

Standard solutions of radionuclides were purchased from Beijing Mreda Technology. Nine radionuclides
including ions of cobalt (Co®), barium (Ba’"), manganese (Mn®"), antimony (Sb*"), cesium (Cs"),
strontium (Sr*"), rhodium (Rh*"), lanthanum (La’"), and ruthenium (Ru’") were investigated. Formic acid,
hexanoic acid, octanoic acid, and phthalic acid were purchased from Shanghai Aladdin Bio-Chem
Technology, and they were investigated as model materials of marine organic matter to determine the
influence of chain length and molecular structure on metal ions at the sea-air interface. The nitric acid
solution was provided by China National Pharmaceutical Group Chemical Reagent. Seawater was collected
from the remote western Pacific Ocean using a centrifugal pump and stored in precleaned plastic bottles. The
pH values, measured using a pH meter (PHS-3C, Shanghai Yidian Scientific Instrument, China), ranged from
7.58 to 7.92 across all experiments involving radionuclides and marine organic matter, while the natural
seawater pH ranges from 7.90 to 8.17. Ultrapure water, with a resistivity of 18.2 MQ cm, was produced
utilizing a Milli-Q purification system (Merck Millipore, France), suitable for preparing mobile phases for
liquid chromatography. The summary of the concentrations of radionuclides in seawater and SSA samples, as
well as the ionic strength in seawater, are provided in Tables S1, S2, and S3 in the Supplementary
information.

Experimental setup

A jet-based laboratory simulation chamber was employed to simulate the generation of SSAs [40,46—48], as
depicted in Figure S1. This chamber, a clamshell cuboid box measuring 30 cm in length, 20 cm in width, and
40 cm in height, featured a viewable glass window and has been recently modified for studies on air-sea
transport processes. It utilized continuously generated plunging jets to produce realistic SSA. All enrichment
experiments were conducted within this simulation chamber, which was filled with approximately 9 L of
seawater. Plunging jets were activated in the seawater by a pump at a flow rate of 1 L min~' through a
stainless-steel nozzle. Bubble breaking at the seawater surface was observed through the attached glass
window. To prevent contamination from indoor air, particle-free air was supplied by a compressor and zero-
air generator (model 111, Thermo Scientific, USA). A mass flow controller (Beijing Sevenstar Electronics,
China) regulated the airflow rate into the simulation chamber, ranging from 3 to 50 L min'. The relative
humidity of the aerosol at the sampling port was controlled using a Nafion drying tube (MD-700-06S-3,
Perma Pure, USA). Relative humidity and temperature were monitored by a 2-channel thermo-hygrometer
(Testo HM42, Vaisala, Finland), maintained within the ranges of 309%—40% and 20-25 °C, respectively. The
surface tension of 30 mL seawater samples was measured using a tensiometer (JK99C, Powereach, China),
which was calibrated with ultrapure water at 25 °C. Calibration was performed once every three
measurements. The platinum plate was cleaned with ethanol before each measurement.

Sample collection and instrumental analysis

The particle size distributions were assessed under a relative humidity of approximately 30% using a
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scanning mobility particle sizer (SMPS, TSI, Model 3936). SSA particles are charged within the differential
mobility analyzer (DMA, Model 3081, TSI, USA), where particles of different sizes and charges are
separated and focused into distinct size bins. Subsequently, these particles enter the condensation particle
counter (CPC, Model 3776, TSI, USA), which detects and counts the particles in each size bin, providing
information about the particle size distribution with diameters ranging from 14.1 to 710.5 nm. Within the
SSA simulation chamber, the SMPS monitored the number concentration and geometric mean diameter
(GMD) of particles at intervals of 3 min. The inlet and sheath gas flow rates were set at 0.3 and 3.0 L min ™',
respectively. Prior to activating the pump, it was ensured that the particle number concentration remained
below 20 particles cm® for the initial 30 min of each experiment, confirming the absence of leaks and
background particles. Each set of experiments for monitoring number concentration lasted approximately
1 h. The particle size distribution of SSA in our experiment, consistent with general trends observed in field
measurements (Figure S2) [49,50], was achieved by carefully controlling key parameters such as the inner
diameter of the stainless steel nozzle, headspace height, pump flow rates, and purge air flow rates [46].

A flow of zero air at a rate of 10 L min™' passed over the sea surface within a chamber, carrying SSA
particles through a Nafion drying tube (MD-700-06S-3, Perma Pure, USA) to a 47 mm quartz fiber filter
(QFF, 1851-025, Waterman, UK) for the collection of total particulate matter. SSA particles were impacted
onto a QFF with a diameter of 25 mm, and subsequently baked in a muffle furnace at 450 °C for 3 h. The
low-pressure impactor collected submicron samples in stages 6—10 (0.19-0.94 pm) and supermicron samples
in stages 11-15 (1.62—10 pm).

Filters were extracted in 4 mL of ultrapure water under ultrasonic conditions for 30 min. Nitric acid was
added to the samples to achieve a concentration of 2% HNO; in each sample. All samples were analyzed
using an inductively coupled plasma mass spectrometry (ICP-MS) instrument (NexION 1000G,
PerkinElmer, Singapore). Sample solutions were introduced into the mass spectrometer via a peristaltic
pump. The nebulizer in the sample introduction system was a Meinhard glass concentric nebulizer, with a
cyclonic spray chamber. The interface employed was the PerkinElmer three-cone system, consisting of
nickel skimmer cone, sampler cone, and hyper skimmer cone, with diameters of 1.1, 0.9 and 1.0 mm,
respectively. The design of the three cones not only reduced blockage of the cone orifice by complex samples
but also minimized contamination of lenses and mass analyzers. The instrument was equipped with a reaction
cell, allowing detection in three modes: standard, collision, and reaction mode, with rapid mode switching
between them. Specific instrument parameters used in the experiments, aside from the default values of the
instrument itself, are detailed in Table S4.

Inorganic ions in seawater and SSA samples were filtered through a 0.22 ym PTFE filter and analyzed
using ion chromatography (Dionex ICS-6000, Thermo Fisher Scientific, USA) coupled with conductivity
detection. Cations were separated on a Dionex IonPac CS12A (4 mm x 250 mm) column with a pre-column
guard and eluted with 20 mM methanesulfonic acid at a flow rate of 1 mL min '. The injection volume was
10 uL for each sample.

The EF of metal ions was then calculated using Eq. (1),

[Xlssa / [Na™Jggn (1)
[Xlgw / [Na'lgy, °

where [X]ssa and [Na'Jgss are the concentrations of metal ions and Na' in SSA, [X]sw and [Na']sw denote

EF =

respective concentrations in seawater [51].
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Forward and backward trajectory calculations

The meteorological fields input for the Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT)
model is sourced from the Global Data Assimilation System (GDAS) by NOAA, with a spatial resolution of
1°x1° and a temporal resolution that can reach hourly intervals. In this study, forward and backward
trajectories for every hour up to 48 h are computed for the research locations. Cluster analysis is primarily
employed throughout the study to analyze the data comprehensively. The simulated air masses represent the
trajectories of SSA particles carried by atmospheric flows.

The forward trajectories were initiated from FDNPP (141.20°E, 37.25°N), assuming that the particles
remained at approximately the same pressure levels throughout their transport. In contrast, the backward
trajectories arriving in Qingdao (120.41°E, 36.08°N) were simulated in a direction opposite that of the
forward trajectories. The model was run twice per day, at 00:00 and 18:00 UTC. To focus on the marine
environment, the trajectory simulations were set at 100 m above ground level (AGL), representing the
atmospheric boundary layer over the ocean. This height was selected to capture the transport of pollutants
near the air-sea interface, where interactions between the atmosphere and ocean are most significant [52—57].

Cluster analysis, conducted using the TrajStat in Meteolnfo software, was applied to group similar tra-
jectories based on their spatial and temporal characteristics [58—61]. This process involved normalizing
trajectory coordinates to a standard grid and calculating the Euclidean distances between trajectories to
quantify their similarity. Using hierarchical clustering algorithms, trajectories were grouped into clusters
with similar pathways, with each cluster represented by a centroid trajectory. This approach allowed for a
comprehensive analysis of transport pathways, effectively identifying common atmospheric transport routes
and regions where pollutants may accumulate or disperse. The clustering analysis provided valuable insights
into the transport mechanisms of radionuclides and SSA particles over the marine environment, revealing
how pollutant enrichment and dispersion patterns are influenced by atmospheric dynamics.

RESULTS

SSA size distribution containing radionuclides

The influence of radionuclides on SSA generation was studied by measuring the particle size distribution of
SSA generated in the simulation chamber. Figure 1A shows the particle size distribution of sea salt particles
and particles with added radionuclides. Initially, the number concentration of SSA particles generated from
seawater was tested, and upon stabilization, it was found that the peak number concentration was around
182.26 nm, which could be fitted to a log-normal distribution observed in previous studies [49,50,62].
After the SSA number size distribution was stabilized, the metal ions were added. The number
concentration of the SSA particles decreased slightly from 2.22 x 10* to 2.07 x 10 particles cm > during the
experiment (Figure S3), which is within the acceptable range of our experimental setup. The number
concentration of SSA particles was significantly higher than that of sea salt particles following the addition of
metal ions, and an increase in bubble bursting could be visually observed through the window of the SSA
simulation chamber. As shown in Figure 1B, the surface tension of seawater increased after the addition of

metal ions. The observed bursting phenomenon is consistent with the conclusion that high seawater surface
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Figure 1 (A) The number concentration distribution of sea salt particles and SSA particles containing metal ions and marine organic
matter. (B) Measured surface tension values of natural seawater.

tension can promote SSA production [46,63]. After the addition of marine organic matter to the system, the
number concentration of SSA particles decreased noticeably. Concurrently, the surface tension of seawater
decreased as well. This indicates that the addition of marine organic matter, acting as surfactants, enhanced
the surface activity of seawater.

In terms of particle size distribution, the wider particle size distribution and slightly larger particle
diameters observed in the system with added metal ions compared to sea salt particles indicate that metal ions
play a significant role in promoting the formation of SSA particles. After adding marine organic matter to the
bulk water containing metal ions, the number concentration of SSA particles significantly decreased,
indicating that the addition of marine organic matter inhibited SSA production. This is consistent with
previous findings showing that the addition of marine organic matter inhibits the generation of SSA particles
[40]. Moreover, considering the mode diameter of SSA particles, the addition of marine organic matter
noticeably increased the particle size of SSA. The composition of radionuclides may be influenced by factors
such as ionic strength, surfactants, and ion adsorption at the liquid surface, which could affect the surface
tension values [63—66].

Enrichment behavior of radionuclides to SSA particles

Aerosolization was estimated to be the main reason for the decrease in concentration of radionuclides in SSA
particles, with the extent of the reduction variation depending on the species of radionuclides. By char-
acterizing the EFs of various metal ions in SSA, the influence of different metal ions on the accumulation of
SSA from seawater to the atmosphere was visually demonstrated. As shown in Figure 2A, all metal ions
exhibited varying degrees of EFs in SSA particles, except the EFs of La’* and Ru’" less than 1, indicating
depletion. The EFs ranged from 0.28 to 2.49, with the largest and smallest being those of Co** and Ru’",
respectively. Co®", Ba*", and Mn”" belong to a category of highly enriched metal ions (1.5 < EF < 3), and they

exhibit enrichment characteristics similar to Ca*" in seawater. As mentioned in previous studies, Ca>" not only
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Figure 2 Enrichment factors of metal ions in full-size particle samples (A) and submicron and supermicron SSA particles (B).

facilitates the enrichment of organic matter in seawater through bridging mechanisms but its enrichment is
more pronounced than those of Mg*" and K [67,68]. Consequently, the enrichments of Co*', Ba**, and Mn**
may also enhance the enrichment of organic matter in seawater, thereby altering visibility in the marine
atmosphere and further influencing atmospheric climate over the oceans. The enrichment range of Sb**, Cs”,
Sr*, and Rh*" falls between that of Mg®" and K", indicating that these four metal ions play a role in the
transfer and transport of organic matter in SSA particles similar to magnesium and potassium ions. A
previous study revealed that in the 4 to 7 years following the FDNPPs accident, the concentrations of both
dissolved and particulate radionuclides in river water exhibited a decreasing trend [18]. The enrichment of
metal ions in SSA may be one of the major reasons for the decrease in their concentrations in water bodies.
The loss of La*" and Ru’* in SSA particles might be due to the composition of metal ions, where the
preferential enrichment of other metal ions inhibits the enrichment of these two ions.

Additionally, submicron and supermicron samples were collected to investigate the influence of particle
size on the EFs of metal ions. From Figure 2B, it can be observed that the three metal ions (C02+, Ba®", and
Mn?") with high overall EFs still exhibit relatively high EFs in the submicron and supermicron samples.
These findings show that, similar to Ca®", they can also carry organic matter from the ocean in submicron and
supermicron samples. As their EFs in the size-resolved distribution samples are higher than those in the full-
size samples, the submicron and supermicron samples can transport organic matter more effectively. Si-
milarly, it was found that the EFs of these three metal ions (Co*", Ba*, and Mn”") in submicron samples were
higher than those in supermicron samples. Not only metal ions are more prone to enrichment in submicron
samples, but also that their ability to carry organic matter in submicron samples may be higher than in
supermicron samples. The increasing trends with decreasing particle size are similar to those found in the
previous studies [69,70]. For Sb*, Cs", Sr*', and Rh*", their enrichment patterns in submicron and super-
micron samples are more similar to that of K', indicating similar abilities to transport organic matter.
Particularly, the EFs of Mg*" in submicron and supermicron samples are both greater than those in full-size
samples, which may be attributed to the minimal EFs of Mg”" in samples larger than 10 um. Additionally,
except for Sr**, the EFs of the other three metal ions are higher in supermicron samples than in submicron
samples. This shows that the three ions are more likely to facilitate the enrichment of organic matter in

supermicron samples. Here, the EFs of the four metal ions in submicron samples are all less than 1. We
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Figure 3 Enrichment factors of marine organic matter (A) and metal ions containing different marine organic matter (B) in full-size
particle samples.

hypothesize that the enrichment of the negatively charged functional groups at the liquid-air interface causes
metal ions to be depleted. This highlights that they are more likely to be transported through supermicron
samples in the marine atmosphere. La** and Ru®" exhibit the lowest EFs among all metal ions, thereby
implying a lesser impact on atmospheric contamination over marine regions. Specifically, the enrichment of
La® is extremely low, likely due to its greater propensity for enrichment in particles larger than 10 pm. The
larger the particle size, the higher the salt concentration and the lower the organic matter concentration
[36,71]. As a result, there is a propensity for La’" and Ru’* to remain prevalent within the marine en-
vironment, potentially due to their limited atmospheric transference and deposition. The concentration of
radionuclides may have a minor impact on their EFs; however, the overall trend in enrichment remains
consistent [47,69].

Interactions between marine organic matter and radionuclides

To elucidate the impact of metal ions on the translocation of marine organic matter within SSA particles, the
EFs (shown in Figure 3A) of marine organic matter before and after the addition of nine metal ions were
calculated. Our previous studies have shown that both the chain length and structure of organic acid mo-
lecules affect their enrichment [40,47], so we further investigated the effect of metal ions on organic acids
with different chain lengths and molecular structures in this study. Following the introduction of metal ions,
the EFs of marine organic matter exhibited a significant increase. Notably, the EF variations continued to
adhere to the following pattern: formic acid < hexanoic acid < octanoic acid < phthalic acid. It is noteworthy
that the EFs for phthalic acid and hexanoic acid are respectively more than two and three times higher than
those in the samples without metal ions. These results align with our hypothesis that metal ions facilitate the
enrichment of organic matter within SSA particles, thus exerting an influence on the climatic environment.

In addition, the interactions between the four above-mentioned marine organic matter and metal ions were
investigated separately. For highly enriched metal ions (Co®", Ba®*, and Mn®"), formic acid significantly
promoted the enrichment of Ba®* and Mn** (Figure 3B). However, the addition of formic acid resulted in a
slight decrease in Co*" enrichment, indicating that Co®” may inhibit the enrichment of formic acid in SSA.

Based on previous studies, it is shown that formic acid has a stronger affinity for Ba>* and Mn®" than for Co*"
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the interface. Strong interactions between organic acids and divalent metal ions at the air-sea interface result in their greater enrichment in the
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[68,72]. This phenomenon is consistent with the enrichment of metal ions after the addition of hexanoic acid,
suggesting that Co®" also inhibits the enrichment of hexanoic acid in SSA. The EFs of metal ions after the
addition of hexanoic acid were more significant compared to formic acid. This shows that the enrichment of
hexanoic acid, which is stronger than formic acid, is also reflected in the enrichment of metal ions. The
enrichment of metal ions by octanoic acid and phthalic acid demonstrated a mutually enhancing effect on the
SSA particles.

For Sb*", Cs", Sr*', and Rh**, aside from the decrease in Sb*" enrichment factor after the addition of formic
acid, stronger enrichment effects were observed between other marine organic matter and metal ions, thereby
highlighting the promoting effect of marine organic matter on the enrichment of metal ions. Furthermore, the
sequence of organic acid influence on the EFs of metal ions is formic acid < hexanoic acid < octanoic acid <
phthalic acid. These enrichment results suggest that in regions with abundant organic matter near the coast,
the enrichment of metal ions is more pronounced, thereby exerting a greater impact on coastal residents.

Taking all the data together, divalent ions show significantly stronger enrichment than monovalent and
trivalent ions. This is true regardless of whether organic acids are present in the system (Figure 4A).
Furthermore, the presence of organic acids has been demonstrated to significantly promote the enrichment of
metal ions, with the enrichment pattern of metal ions continuing to follow the sequence: divalent ions
> monovalent ions > trivalent ions. These findings indicate that the enrichment of metal ions and organic
acids occurs in the SSA particle phase, which represents the air-sea interface of a bubble. Figure 4B shows
the relative distribution of metal ions and organic acids. Here organic acids are coordinated at the surface
with monovalent and divalent metal ions. Trivalent metal ions are more abundant in the bulk water than at the
surface and may also form complexes with other organic matter in seawater. As previously demonstrated
[73-75], it can be inferred that trivalent metal ions exhibit higher apparent stability constants in comparison
to divalent and monovalent metal ions. This suggests that trivalent metal ions are more prone to binding with

organic ligands. However, the ability of metal ions to bind to organics does not solely rely on a single factor,
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but rather on complex factors, including their charge density, hydration capacity, spatial site resistance, and
even environmental conditions [76,77]. Although trivalent ions with high charge densities and stronger
apparent stability constants are capable of producing strong attractive forces, they form a strong hydration
layer in the solution, which results in water molecules surrounding the ions [78—82]. This makes the organics
less susceptible to binding, exhibiting lower affinity for the organic ligands and inhibiting effective
coordination reactions. The hydration capacity, when compared to the measured EFs in SSA particles,
provides a better understanding of how selectively molecules at the air-sea interface are transferred into the
SSA particle phase during the bubble-bursting process. This is likely due to a more complex and synergistic
mechanism that involves interactions with metal ions present in the seawater and other species in the
solution. Furthermore, interactions between organics and metal ions can only be better understood by probing
the interface at a more molecular level. The measurements presented here support the need for further
development of interfacial probes and a more detailed quantum chemical approach to understand the detailed

interactions between the organics and metal ions.

Forward and backward trajectory simulation of air masses

Air mass trajectories describe the paths and behavior of atmospheric air masses [83—85], which can
potentially carry radionuclides. The study of air mass trajectories allows us to understand the transport
pathways and dispersion mechanisms of radionuclides in the atmosphere. When these air masses intersect
with the marine environment, they may induce the enrichment of radionuclides. The enrichment behavior of
radionuclides at the air-sea interface can be influenced by various factors, including ocean currents, climatic
conditions, and solubility. Studying the trajectories of air masses can provide deeper insights into the
interactions between radionuclides in the atmosphere and the ocean and their impact on the environment.
Qingdao is located in eastern China, near the oceanic pathways between Japan and China. Therefore, the
choice of Qingdao as a study site is aimed at gaining a better understanding of the potential impacts of Japan’s
radioactive waste discharge on the local environment and ecosystems. The forward trajectory simulations are
designed to trace the movement of air masses containing radionuclides emitted from sources in Japan and
their subsequent transport across atmospheric regions, while the backward trajectory simulations aim to
identify potential source areas of radionuclides that could influence Qingdao. The simulations have been
useful in determining the transport and dispersion of SSA particles containing radionuclides, thus providing
greater insight into the environmental impact of Japan’s discharges and the potential sources of radionuclides
at Qingdao.

This study conducted both backward trajectory clustering for Qingdao, China, and forward trajectory
clustering for the FDNPPs in Japan using the HY SPLIT model, respectively. The aim is to better understand
the influence of radionuclides in air masses from FDNPPs, and the transport pathways of SSA particles
emitted from the ocean. Due to the relatively long duration of this pollution transport, the trajectory time was
set from the discharge date to April 2024 (with a duration of 7 months). The clustering results of forward
trajectories in Figure 5 reveal that during this period, the airflow in Japan mainly converged toward the
northeast and southwest regions, indicating that some pollutants would impact the atmospheric environment
of coastal cities in China through atmospheric transport. Notably, forward air mass trajectory simulations
demonstrated that radionuclides could travel significant distances via SSA particles and potentially deposit in
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Figure 5 HYSPLIT backward trajectory clustering for Qingdao, China and forward trajectory clustering for the FDNPPs in Japan.

marine and terrestrial environments along their pathways. Such deposition has the potential to result in long-
term environmental contamination, particularly in regions characterized by vulnerable ecosystems or human
populations that rely on these resources. For instance, radionuclides such as Cs'* and Sr** have been
demonstrated to accumulate in biological systems, thereby posing risks to both marine and terrestrial food
chains [86-91]. The clustering results of backward trajectories showed that 39% of atmospheric pollution in
Qingdao originated from long-distance transport in the northeast direction. This analysis further emphasized
the dual impact of atmospheric and marine transport mechanisms on local pollution levels. To illustrate,
radionuclides released into the ocean can re-enter the atmosphere as SSA particles, which are subsequently
transported over long distances and contribute to additional atmospheric pollution. The regions situated along
these transport pathways may potentially experience an intensification of environmental pressures, including
the possibility of radiological hazards, as a consequence of the dual deposition of airborne and marine-
derived pollutants [92]. The combined pollution from marine and atmospheric transport resulted in local
pollution, indicating the presence of both the influence of high-altitude pollution plumes and pollution from
marine emissions in the region. This emphasizes the necessity for the integrated monitoring of radionuclide
transport across both atmospheric and marine pathways to mitigate their environmental and health impacts.
However, the accuracy of these transport predictions depends on the resolution and other factors involved
in the trajectory simulations. The meteorological fields employed for trajectory simulations were derived
from the GDAS dataset, with a spatial resolution of 1°x1° and a temporal resolution of 3 h. This resolution is
adequate for capturing large-scale transport dynamics; however, finer spatial and temporal resolutions could
improve the representation of mesoscale processes, such as localized wind fields, turbulence, and sea
breezes, which are critical for accurately modelling transport in the marine boundary layer [93-96].
Trajectory simulations were conducted at an altitude of 100 m above ground level, a height selected to
represent the transport of SSA particles within the marine boundary layer, where interactions at the air-sea
interface are most active [56]. This height is appropriate for studying the behavior of SSA particles, which are
predominantly formed and transported in this layer. However, variations in simulation height could influence
trajectory results due to vertical changes in wind speed, direction, and turbulence, thereby introducing

another source of uncertainty [43,95,97—102]. The deposition of SSA particles during transport, both dry and
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wet, plays a pivotal role in determining their pathways and ultimate fate [103]. The marine boundary layer is
characterized by high humidity, which enhances the hygroscopic growth of SSA particles, resulting in
alterations to their size, density and deposition characteristics [100]. These physical changes exert a further
influence on their transport distances and environmental impact.

To facilitate the interpretation of the extensive trajectory data, cluster analysis was employed to group
similar trajectories based on spatial and temporal patterns. While this method effectively identifies principal
transport pathways and reduces the complexity of the dataset, it may not fully capture the nuances of complex
meteorological phenomena, especially under highly variable atmospheric conditions [104]. Consequently,
biases could arise in representing localized or transient transport events. Further research should take into
account resolution limitations, as well as the height of the simulation and the mechanisms of deposition, to
enhance the comprehension of radionuclide transport via SSA particles and their environmental impact.

DISCUSSION

In summary, although the majority of metal ions reach the atmosphere through the ocean via SSA particles,
little is known about the enrichment and interactions of these metal ions with organics. Our data suggest that
surface activity and metal ions in seawater play a key role in the transfer of molecules from the air-sea
interface to the film droplets produced during bubble bursting. The transfer of a significant amount of the
most bridging ions, such as Ca**, during film drop formation is a consequence of non-equilibrium mixing of
the bulk solution with molecules at the air-sea interface. We determined that the factors controlling the
selectivity of organic and inorganic ions present in seawater are the valence of the metal ions and the surface
tension of the seawater. Metal-organic complexation in seawater potentially affects the metabolic processes
of organisms such as phytoplankton and marine biogeochemical cycles. This study contributes to filling
existing knowledge gaps in the transfer of radionuclides from SSA particles to the atmosphere. Although the
current results deepen our understanding of the transport of radionuclides, further detailed work is still
needed to explore how different radionuclides affect the marine and atmospheric environments.
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