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Abstract
Activity concentrations of 234U and 238U as well as 234U/238U ratios were investigated in the muscle and digestive diverticulum 
organs of ten size group samples of Asian green mussel (Perna viridis) from Binh Thuan, Vietnam by alpha-spectrometry, 
and radiological risk assessment was carried out. The 234U and 238U activities in muscle tissues and digestive diverticulum 
ranged from 1.4 ± 0.1 to 53.2 ± 4.3 Bq.kg−1, from 1.2 ± 0.2 to 57.2 ± 4.5 Bq.kg−1, and from 3.8 ± 0.3 to 45.0 ± 7.5 Bq.kg−1, 
from 3.1 ± 0.2 to 42.0 ± 6.6 Bq.kg−1, respectively. Uranium activities showed a decreasing trend in groups with smaller shell 
lengths from 5 to 6.5 cm and stabilized in individuals larger than 7 cm. Bioaccumulation factors were higher in smaller mus-
sels, demonstrating greater accumulation, indicating their suitability as sentinel organisms for further study and radioeco-
logical monitoring of uranium isotopes. The 234U/238U activity ratios in digestive diverticula were consistently higher than 
in muscle tissues, suggesting dual uranium uptake pathways: direct absorption from seawater and ingestion of contaminated 
foods. The average risk to the mussels from exposure to uranium alone is below the ERICA screening reference level of 
10 µGy.h−1, but a single sample exceeded this level indicating further investigation is necessary. Annual committed effective 
doses from consuming mussels containing 234U and 238U ranged from 2.11 to 43.60 µSv.y−1, with a mean of 12.04 µSv.y−1. 
While doses from 234 and 238U are within UNSCEAR safety thresholds, other radionuclides (e.g., Po, Pb, and Ra isotopes) 
should be considered for a comprehensive assessment. Not consuming small mussels is recommended due to higher potential 
radionuclide accumulation.

Keywords  234U · 238U · Environmental radioactivity · Uranium uptake pathway · Asian green mussel · Titanium placer · 
ERICA

Introduction

The marine ecosystem covers more than 70% of the Earth’s 
surface, and is crucial for numerous human activities and 
life. The marine ecosystem, as a sink, contains a variety of 
pollutant materials, including both manufactured and natural 
contaminants (from human activities, tectonics, numerous 
natural disasters including storms, coastal erosion, sea level 
rise, earthquakes, tsunamis, and environmental pollution) 
[34, 35, 76, 83]. Furthermore, heavy metals, including radio-
nuclides and elements like Cd or Hg, pose serious toxicity 
problems in marine food webs and are primarily generated 

by mining, industrial discharges, and agriculture [22, 55, 69, 
75]. Thus, it is crucial to study and observe marine environ-
ments to identify any threats to human health through food 
chains as well as the direct effects of pollution on marine 
ecosystems.

In recent years, increasing attention has been directed 
toward monitoring marine environmental pollution and eval-
uating radiological safety, particularly with respect to sea-
food consumption [12, 41, 59, 66, 82, 89]. Previous research 
efforts have focused on the characterization of radionuclides, 
their interaction mechanisms, migration pathways, excretion 
processes, and accumulation in marine organisms [9, 21, 
96, 111]. Research on the assessment of radiological risks 
to humans and marine organisms intended for consumption 
remains relatively scarce, may be region specific, and often Extended author information available on the last page of the article
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focuses on artificial contamination, like releases from a 
nuclear disaster. A fundamental reality of life on Earth is that 
all organisms are continuously exposed to ionizing radiation 
from natural background sources [10]. Protecting humans 
from excessive exposure simultaneously helps to ensure 
that ecosystems and non-human species are adequately safe-
guarded [51]. To inform environmental impact assessments 
and guide policy-making, numerous studies have sought to 
establish reliable and scientifically robust frameworks for 
evaluating the ecological consequences of ionizing radiation 
[6, 32, 39, 52, 65]. Some studies have examined the poten-
tial radiological risks associated with seafood consumption 
[2, 4, 45, 71, 95, 97, 101, 105] Because of bioaccumula-
tion, aquatic organisms may accumulate radionuclides in 
their tissues at levels considerably higher than those present 
in ambient waters, making them more susceptible to both 
internal and external exposure [79, 98]. To evaluate these 
risks, different analytical frameworks have been proposed. 
Therein, the ERICA tool (Environmental Risk from Ionizing 
Contaminants: Assessment and Management) being among 
the most widely applied. ERICA facilitates dose assessments 
for biota across terrestrial, freshwater, and marine systems, 
and can be tailored to both standard reference organisms and 
species of specific interest [7, 13–15, 42, 106]. Refining and 
applying such assessment frameworks will improve under-
standing of health risks from naturally occurring radionu-
clides in seafood and support stronger radiation protection 
for humans and marine ecosystems.

Vietnam’s coastline features approximately 92 titanium 
placer deposits, distributed across various coastal prov-
inces. Notably, Binh Thuan province accounts for over 
90% of Vietnam’s titanium reserves, estimated at around 
600 million tons. The place was also selected for build-
ing two nuclear power plants, which will be operational 
in 2030. According to Nguyen et al., mining activities 
in these placer regions could introduce naturally occur-
ring radioactive materials into coastal marine systems 
[82]. In addition, inland mining, agricultural activities, 
and residential activities also contribute to the release of 
radioactive isotopes into the marine environment in the 
region. Uranium was found to be at relatively high con-
centratrations in seawater [1, 17, 31, 63]. The weathering 
and leaching of rocks, soils, sediments, and atmospheric 
deposition may be the primary sources of uranium in the 
marine ecosystem [94, 109]. The uranium concentration of 
seawater remains steady, oscillating around approximately 
3.3 μg.L−1 [3], making it useful for tracking and assessing 
variations in the radioactive content of the marine environ-
ment. 238U and 234U have been widely used in the investi-
gation of oceanographic processes (dating many deposi-
tional processes, seafloor hydrothermal, and coral growth) 
[64]. Uranium’s radioactivity is a secondary concern, the 
metal’s chemical toxicity is the primary environmental 

health danger [16]. When 238U and 234U enter the human 
body through the digestive tract, the body will absorb up 
to 5% of uranyl ions [11]. Upon entering the bloodstream, 
uranium tends to accumulate and persist for many years 
in bone cells [11] as well as deposit in the liver, kidneys, 
reproductive organs, and other tissues and organs [47], 
leading to chronic diseases in humans and significantly 
affecting health. Thus, uranium in the coastal marine envi-
ronment is also a matter of concern and requires careful 
monitoring and risk assessment.

The green mussel (Perna viridis), a bivalve species of 
the Mytilidae family, is widely recognized for its filter-
feeding habits and high capacity for bioaccumulating pol-
lutants from the marine environment [12, 67, 88]. Regarding 
these capacities, the Perna viridis has been widely used as 
an indicator organism in marine pollution monitoring pro-
grams, primarily to assess the presence and behavior of both 
natural and artificial radionuclides [12, 23, 26, 72, 78, 82]. 
These findings highlight the species’ suitability for evaluat-
ing radionuclide contamination and its ecological impacts 
in various coastal regions, including Malaysia, India, and 
Indonesia [61, 72]. Despite their proven usefulness, studies 
focusing on determining the accumulation and activity of 
natural uranium isotopes, such as 234U and 238U, in green 
mussels remains very limited globally. This represents a 
significant knowledge gap, particularly given the ecological 
relevance of uranium in coastal systems. Therefore, studies 
on the bioaccumulation potential and distribution patterns 
of these isotopes in this species are urgently needed, both 
to understand their environmental behavior better and to 
enhance the species’ applicability in comprehensive marine 
radiological monitoring frameworks.

Asian green mussels are commonly found in the 
Asia–Pacific region, distributed along the coastal provinces 
of Vietnam from Hai Phong to Kien Giang [18]. So far, there 
are no study to investigate the radioecological characteristics 
and pollutant bioaccumulation potential as well as radiologi-
cal risks to humans due to the consumption of mussels and 
to this marine organism in study region to establish monitor-
ing data for future REE mineral processing and the planned 
nuclear power plants. Therefore, this study was aimed at: (1) 
to study the activity concentrations of 234U and 238U in the 
muscle tissue and digestive diverticulum organs of Perna 
viridis of selected size groups at the coastal region of Binh 
Thuan, which is known for its naturally radioactive titanium 
placers, and and establish baseline data on 234U/238U ratios, 
(2) to assess uranium bioaccumulation and the suitability of 
this species as a bioindicator of marine radioactivity at this 
specific location; (3) to evaluate the potential radiological 
risk to the mussel populations at the study area; and (4) to 
assess the radiological risks to people due to consumption 
of Asian green mussels containing 234U and 238U based on 
the annual committed effective dose (ACED).
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Study area and methods

The study location and sampling

The study location was selected at Binh Thuan province, 
located along Vietnam’s south-central coast, hosting the 
country’s largest reserves of titanium placers and the place 
selected for building two nuclear power plants (Fig. 1). 
These deposits are rich in naturally radioactive miner-
als such as zircon and monazite, which contain elevated 
concentrations of thorium and uranium [93, 33]. Mining 
and refining activities in this region have the potential to 
release radionuclides, including uranium isotopes, into the 
marine environment through wastewater discharge. Binh 
Thuan is also one of Vietnam’s top three marine fisheries 
regions, boasting strong economic potential, particularly 
in seafood production and tourism development [48].

For this investigation, Asian green mussels (Perna vir-
idis) were gathered from the Binh Thuan coast by local 
fishermen, and were sorted into 10 groups by size, each 
group with 10 individuals. The groups varied in body 
weight and shell length and each group consisted of ten 
individuals. All samples were sent to the lab for additional 
processing after being placed in the refrigerator. In the 
laboratory, the soft tissues of the ten individuals within 
each size group were dissected to separate the muscle tis-
sue and digestive diverticulum organs. The same organ 
from the ten individuals in each group were then pooled 
and homogenized separately to obtain representative com-
posite samples for each tissue type. From these homog-
enized samples, approximately 3 g of muscle tissue and 

1 g of digestive diverticulum were weighed for subsequent 
chemical separation and uranium isotope analysis. Accord-
ing to earlier studies, radionuclides typically build up in 
bivalves’ muscle tissue and digestive diverticulum organs 
[12, 43, 44, 67, 77, 100, 112]. In addition, the whole mus-
sel, including the digestive diverticulum organ of bivalve 
species are consumed as food in many countries depending 
on cooking method, and this is the typical case in Viet-
nam. Thereby, both muscle and digestive diverticula were 
selected for uranium isotope analysis and radiological risk 
estimation. To complement the biota data and evaluate the 
bioaccumulation potential of uranium isotopes (234U and 
238U), three seawater samples were also collected from the 
sampling locations.

Methods

Analysis of 234U and 238U activity concentrations

The activities of 234U and 238U in Asian green mussel and 
seawater samples were determined using alpha spectrom-
etry, following the procedure outlined by Van Duong et al. 
[103], Van Hao [104], and Nguyen Dinh et al. [80]. Each 
sample underwent a digestion process after the addition of a 
232U tracer (~ 50 mBq) to determine chemical recovery. Ura-
nium was then separated via co-precipitation of ammonium 
diuranate [(NH4)2U2O7] with manganese dioxide (MnO2). 
The resulting precipitate was thoroughly washed with dis-
tilled water, dissolved in concentrated hydrochloric acid 
(HCl), and passed through a Dowex 1 × 8 anion exchange 
chromatography column (100–200 mesh) to isolate uranium. 
Eluted uranium fractions were collected using HNO3 and 

Fig. 1   Sampling area
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distilled water, then evaporated to dryness. The residue was 
re-dissolved in diluted hydrochloric acid (HCl), and a mix-
ture of Mohr salt, neodymium, and hydrofluoric acid (HF) 
was added to facilitate source preparation.

Subsequently, the solution was filtered through a 0.1 µm 
membrane and dried at room temperature. Alpha activity 
was measured using an ORTEC Alpha-Ensemble-4 spec-
trometer. Blank and quality control (QC) samples were pro-
cessed identically to ensure analytical reliability. The mini-
mum detectable activity (MDA) for both 234U and 238U was 
approximately 0.2 mBq.

Bioaccumulation

Bioconcentration is defined as the process by which aquatic 
organisms absorb chemical elements or radionuclides from 
the ambient environment [58]. In this study, the bioaccumu-
lation factor (BCF) of uranium was calculated as the ratio 
between the activity concentration of uranium in Asian 
green mussel (Amussel) and the activity concentration of ura-
nium in ambient seawater (Awater) [84]:

The potential radiological risk by ERICA tool

To assess the dose rate of uranium to the Asian green mussel 
(Perna viridis) at study area, the ERICA Tool (version 2.0, 
Tier 2) was used [15, 73, 74]. The input parameters included 
the reference organism categorized as Mollusk—Bivalve; 
the average activity of 234U and 238U in seawater (Table 1), 
and the ecological occupancy factor for the reference organ-
ism set to “Water = 1” (indicating residence in the water, 
unaffected by tides).

Specifically, to estimate the external dose rate, the aver-
age activity of uranium in seawater was used. Meanwhile, 
the internal dose rate was derived from the activity of the 
two uranium isotopes measured in the study samples. A radi-
ation weighting factor of 10 was applied for alpha radiation 
(ICRP, 2021). All other parameters were set to their default 
values as specified by the software.

(1)BCF =

A
mussel

A
water

Table 1   234U and 238U activities in seawater, digestive diverticulum, and muscle tissue organs of each Asian green mussel samples

Sample names (n = 10) Shell length (cm) Weight (g) 234U (Bq.kg−1 fresh 
weight)

238U (Bq.kg−1 fresh 
weight)

234U/238U

Muscle tissue Digestive 
diverticu-
lum

Muscle tissue Digestive 
diverticu-
lum

Muscle tissue Digestive 
diverticu-
lum

Mussel group 1 5.1 6.06 53.2 ± 4.3 45.0 ± 7.5 57.2 ± 4.5 42.0 ± 6.6 0.93 1.07
Mussel group 2 5.6 7.81 37.0 ± 2.1 13.9 ± 1.3 29.1 ± 1.8 8.3 ± 1.0 1.27 1.67
Mussel group 3 6.1 9.09 15.1 ± 1.1 13.9 ± 1.0 15.2 ± 1.1 7.8 ± 0.7 0.99 1.78
Mussel group 4 6.5 13.07 3.1 ± 0.3 7.2 ± 0.8 2.0 ± 0.2 4.3 ± 0.6 1.55 1.67
Mussel group 5 7.0 12.99 5.2 ± 0.4 6.4 ± 0.7 3.0 ± 0.3 3.6 ± 0.5 1.73 1.78
Mussel group 6 8.6 22.17 1.4 ± 0.1 3.8 ± 0.3 1.2 ± 0.2 3.1 ± 0.2 1.17 1.22
Mussel group 7 9.0 26.54 2.2 ± 0.2 9.4 ± 0.6 1.6 ± 0.2 5.5 ± 0.5 1.38 1.71
Mussel group 8 9.5 25.66 6.7 ± 0.5 22.5 ± 1.2 7.2 ± 0.5 7.1 ± 0.6 0.93 3.17
Mussel group 9 10 33.48 2.6 ± 0.2 32.0 ± 2.0 2.4 ± 0.2 29.0 ± 1.9 1.08 1.10
Mussel group 10 10.5 42.36 3.3 ± 0.2 13.9 ± 1.3 3.3 ± 0.3 11.9 ± 1.2 1.00 1.17
Average 13 16.8 12.2 12.3 1.20 1.63
Min 1.4 ± 0.1 3.8 ± 0.3 1.2 ± 0.2 3.1 ± 0.2 0.93 1.07
Max 53.2 ± 4.3 45.0 ± 7.5 57.2 ± 4.5 42.0 ± 6.6 1.73 3.17

Sea water samples 234U (mBq.L−1) 238U (mBq.L−1) 234U/238U

Seawater 1 39.6 ± 1.5 33.6 ± 1.3 1.18
Seawater 2 40.0 ± 1.0 34.5 ± 1.2 1.16
Seawater 3 39.0 ± 1.0 33.4 ± 1.0 1.17
Average 39.5 33.8 1.17
Min 39.0 ± 1.0 33.4 ± 1.0 1.16
Max 40.0 ± 1.0 34.5 ± 1.2 1.18
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Annual committed effective dose (ACED)

The following formula is used to determine the ACED of 
234U and 238U:

For each Asian green mussel sample, Amussel is the 
mean concentration of 234U or 238U in edible tissues and 
digestive diverticulum organs (Bq.kg−1), F is the dose 
conversion factor for adults (238U is 4.5 × 10–5 mSv.Bq−1; 
234U is 4.9 × 10–5 mSv.Bq−1) [53, 107], p is the average 
annual consumption of green mussels by Vietnamese peo-
ple (4.7 kg.y−1) [81], and ACED is the annual committed 
effective dose (mSv.y−1).

Results and discussions

The 234U and 238U activity concentration 
in the muscle tissue and digestive diverticulum 
organs of Asian green mussels related to different 
sizes (shell length) and weights

Table 1 presents the 234U and 238U activity concentrations 
in the digestive diverticulum and muscle tissue organs of 
Asian green mussels of varying weights and sizes (shell 
length). The minimum, maximum, and average values of 
234U and 238U in muscle tissue and digestive diverticu-
lum organs were 1.4 ± 0.1, 53.2 ± 4.3, and 13.0 Bq.kg−1; 
1.2 ± 0.2, 57.2 ± 4.5 and 12.2 Bq.kg−1; 3.8 ± 0.3, 45.0 ± 7.5 
and 16.8 Bq.kg−1; 3.1 ± 0.2, 42.0 ± 6.6 and 12.3 Bq.kg−1, 
respectively. The 234U and 238U activity in muscle tis-
sue are little lower in the intestinal diverticulum organ 
(Table 1). According to Carvalho, uranium found in green 
mussels can originate from uranium dissolved in seawater. 
Still, it can also originate from the ingestion of suspended 
matter, specifically sediment particles and the ephemera 
of organisms [19]. Additionally, the ICRP (International 
Commission on Radiological Protection) has also recom-
mended that digested food containing radionuclides is first 
absorbed into the digestive diverticular organs (stomach) 
and then into the intestine, with a total occupancy of 50% 
in activity. The radionuclides in the intestine pass into the 
blood and are distributed to muscles along with nutrients 
[50]. Thus, the greater amount of radioactive substances 
in the digestive diverticular organs could relate to the 
absorption of radionuclides from food, and a higher rela-
tive weight of this uptake pathway. This result was also 
observed in previous studies, attributed to the mussels 
filter-feeding mechanism [19, 25, 36, 91]. However, there 
was also an opinion that the main source of uranium in 

(2)ACED = A × F × p

mussels comes from seawater through the drinking reflex, 
which compensates for ion loss and maintains osmotic bal-
ance with the external environment [70]. The uranium in 
seawater is not only absorbed through branched absorption 
(transepithelial ion transport), but also through the absorp-
tion of uranium from seawater through the intestinal wall 
of green mussels [19]. This process has also been reported 
for other non-essential and high atomic number elements 
in fish, such as americium and plutonium [20, 86]. Thus, 
uranium in Asian green mussels could mainly come from 
two routes: (1) through the process of digesting foods con-
taining uranium and (2) the process of absorbing uranium 
from seawater.

In addition, the 234U/238U ratio was also identified in the 
two organs (Table 1). The 234U/238U ratio in muscle tissue 
of this species (average 1.20) is approximately the same as 
the 234U/238U ratio in seawater (average 1.17). During the 
growth and development process, the muscle tissue and gills 
of green mussels open continuously to absorb seawater to 
filter food. This action results in most of the mussel’s muscle 
tissue being in direct contact with seawater (the source of 
uranium). This suggests a high likelihood that the presence 
of uranium in this organ originates from uranium in seawa-
ter. While this ratio in the digestive diverticulum organs of 
green mussels is somewhat higher (average 1.63), this dif-
ference may be due to the uranium accumulation mechanism 
from food in this organ. This evidence confirms that the 
uptake pathways of uranium in green mussels involve two 
routes: through seawater and food digestion. It is important 
to highlight that the digestive diverticulum organs had a 
greater 234U/238U ratio than muscle tissue.

The 234U and 238U activities in muscle tissue in this study 
were compared with those of some previous studies world-
wide on radionuclides in mollusks (Table 2). The uranium 
isotope activities in Asian green mussels in this study are 
significantly lower than those of other radionuclides that 
have been studied in mussels, such as 137Cs, 210Po, and 210Pb. 
This discrepancy can be explained by the lower bioavail-
ability and weaker affinity of uranium for plankton and soft 
tissues compared to the strong binding and bioaccumulation 
tendencies of 210Po and 210Pb [56, 27, 30]. Ecologically, the 
low uranium levels suggest that U isotopes contribute less to 
the overall radiological risk in mussels than 210Po or 210Pb, 
but still provide important baseline information for assess-
ing long-term radiation exposure in marine ecosystems. 
Furthermore, th e activity concentrations of 234U and 238U 
measured in Asian green mussels in this study were signifi-
cantly higher than those reported for mollusks from the Ebro 
Delta area [40] and Bay of Bengal [5]. Specifically, in the 
study by Fonollosa et al. [40]: Mytilus edulis had 234U and 
238U activities of 1.0 ± 0.3 and 0.9 ± 0.2 Bq kg−1 dry weight, 
respectively; Large oysters exhibited values of 2.9 ± 0.7 
and 2.4 ± 0.6 Bq kg−1 dry weight; while clams presented 
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activities of 1.3 ± 0.3 and 1.1 ± 0.2 Bq kg−1 dry weight for 
234U and 238U, respectively. In the Bay of Bengal, the 238U 
activity found in Asian green mussels ranged from 2.8 to 
3.6 Bq.kg−1 for the whole soft tissue, especially for smaller 
specimens [5]. The relatively higher uranium activities in 
Asian green mussels in the present study may be related to 
local environmental conditions. In particular, the study area 
is influenced by the exploitation of nearby titanium placer 
deposits, which is suspected to increase uranium concentra-
tions in seawater and may consequently enhance uranium 
accumulation in Asian green mussels.

In this study, shell length was used as an indirect indi-
cator of the age for individuals in the same environment 
and living conditions. There is a decreasing trend of 234U 
and 238U activities in the four young groups with body sizes 
from 5 to 6.5 cm, and activities are relatively constant in 
groups exceeding 7 cm in body size. These relationships are 
not observed for the digestive diverticulum organ (Table 1). 
The result is consistent with previous studies on the correla-
tion between radionuclide concentration and mussel weight 
and size [8, 29, 46, 68, 92]. The higher activities observed 
in younger mussels may be associated with higher meta-
bolic and filtration rates relative to body mass during early 
growth stages [99], which can enhance radionuclide uptake. 
In addition, a growth dilution effect may occur as mussels 
increase in body size [28], resulting in relatively stable activ-
ity concentrations once individuals reach adult size (> 7 cm). 
When physiological and nutritional conditions become more 
stable, resulting in reduced variation in the uptake and accu-
mulation of 234U and 238U. The sex and reproductive status 
of the mussels can be possible confounding factors [90], 
however this was not the focus of the current study.

The bioaccumulation of the 234U and 238U in Asian 
green mussels

Bioaccumulation of the 234U and 238U isotopes in Asian 
green mussels was also calculated (Table 3). The results 
showed that the ability of green mussels to accumulate ura-
nium is relatively high, with average values of 328 and 425 
for 234U and 361 and 362 for 238U. Among them, the smallest 
mussel samples had higher bioaccumulation rates, greater 
than 1000.

Compared to the bioaccumulation levels of other naturally 
occurring radionuclides reported in Mytilus galloprovincia-
lis from Italy [57], the bioaccumulation of uranium isotopes 
in this study was lower than that of 210Po ((1.22 ± 0.72) × 
104), 210Pb (517 ± 280), 228Th (480 ± 265); however, it was 
higher than that of 226Ra (33.3 ± 13.4), and 224Ra (100 ± 52), 
uranium exhibited significantly higher accumulation in our 
study. These differences may be attributed to the different 
chemical properties of uranium in seawater, its oxidation 
states, and possibly species-specific physiological mecha-
nisms [49, 57]. However, comparisons between different 
mussel species and different regions must be treated with 
caution, as environmental differences and the biological 
capabilities of individual species and individuals can sig-
nificantly influence radioactivity uptake and retention [37, 
87, 105].

Environmental monitoring of natural and anthropogenic 
factors in seawater using mussels as sentinel organisms 
often evolves into pollution assessment through site-to-site 
comparisons. This procedure must consider the influence 
of body size on radionuclide concentration. Larger mussels 
exhibit lower soft tissue radioactivity concentrations than 

Table 2   Activity of some 
radionuclides in mollusks

Mollusks Radionuclides Activities (Bq.kg−1) Region References

M. Galloprovincialis 137Cs 30.5 Tohoku, Japan [78]
Asian green mussels 238U 2.8–3.6 Bay of Bengal [5]
Mytilus edulis 234U 1.0 ± 0.3 Ebro Delta [40]

238U 0.9 ± 0.2
Large oysters 234U 2.9 ± 0.7

238U 2.4 ± 0.6
Clams 234U 1.3 ± 0.3

238U 1.1 ± 0.2
P. indica 210Po 156 ± 30 to 928 ± 41 India [62]
P. viridis 210Po 183 ± 18 to 1063 ± 30
P. indica 210Po 242 ± 12.9 India [61]
M. galloprovincialis 210Po 767 ± 283 Costa da Caparica beach [23]

210Pb 46 ± 20
M. galloprovincialis Lmk 210Po 759 ± 277 Costa da Caparica [26]

210Pb 45 ± 19
P. viridis 234U 13.0 Binh Thuan, Viet Nam This study

238U 12.2
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small-sized one. Using mussels to assess spatial and tempo-
ral trends in radionuclide concentrations requires sampling 
mussels of similar body size (i.e., within the same size class) 
and paying attention to condition indicators of the mussels 
to allow for comparison across different locations. Based 
on the initial results obtained, the authors recommend using 
small green mussels to facilitate environmental monitoring 
of uranium substances.

The potential radiological risk on Asian green 
mussels

The minimum, maximum, and average activity values of 
234U and 238U in muscle tissue were used to calculate the 
activities in the whole body (not including the shells) of 
Asian green mussels (Table 4). The activities of 234U and 
238U in the entire body of mussels were calculated according 
to the method of Yankovich et al., [110].

The exposure risks of 234U and 238U in Asian green mus-
sels are shown in Table 4. The external radiation dose rates 
from both isotopes (234U and 238U) are within the reference 

standard. Internal radiation dose rates are much higher than 
external radiation doses, particularly for 234U. The average 
internal dose rate of 234U is 1.53 µGy.h−1, which is signifi-
cantly higher than the external dose rate of 234U (1.61 × 
10–5 µGy.h−1). The total dose rate from the two uranium 
isotopes is only dominated by internal exposure.

The total dose rate from the two uranium isotopes (the 
sum of internal and external doses) varies significantly from 
0.107 to 20.7 µGy.h−1, with an average of 2.8 µGy.h−1. These 
values indicate that, while the mussels were receiving radia-
tion, the total exposure was largely within the range consid-
ered non-hazardous according to the ERICA reference stand-
ard (10 µGy.h−1). Although the doses contributed by 234U 
and 238U are within safe limits, other radionuclides (e.g., 
Po, Pb, and Ra isotopes) may also contribute to the total 
radiation dose and should be considered for a more com-
prehensive assessment. However, since the dose exceeded 
the screening value for an individual green mussel (mussel 
sample group 1). This suggests that further assessment is 
needed to understand the potential radiation risk to mussels 
fully and to explore the possibility of modifying strategies to 

Table 3   Bioaccumulation and annual committed effective dose contribution from 234U, 238U isotopes in Asian green mussels

Sample no Bioaccumulation ACED (μSv.y−1) Total
234U 238U 234U 238U

Muscle tissue Digestive 
diverticu-
lum

Muscle tissue Digestive 
diverticu-
lum

Muscle tissue Digestive diver-
ticulum

Muscle tissue Digestive 
diverticu-
lum

Mussel group 1 1346 1138 1691 1241 12.25 ± 4.0 10.36 ± 6.9 12.1 ± 3.8 8.88 ± 5.6 43.60
Mussel group 2 936 352 860 245 8.52 ± 1.9 3.2 ± 1.2 6.15 ± 1.5 1.76 ± 0.8 19.63
Mussel group 3 382 352 449 231 3.48 ± 1.0 3.2 ± 0.9 3.21 ± 0.9 1.65 ± 0.6 11.54
Mussel group 4 78 182 59 127 0.71 ± 0.3 1.66 ± 0.7 0.42 ± 0.2 0.91 ± 0.5 3.70
Mussel group 5 132 162 89 106 1.2 ± 0.4 1.47 ± 0.6 0.63 ± 0.3 0.76 ± 0.4 4.07
Mussel group 6 35 96 35 92 0.32 ± 0.1 0.88 ± 0.3 0.25 ± 0.2 0.66 ± 0.2 2.11
Mussel group 7 56 238 47 163 0.51 ± 0.2 2.16 ± 0.6 0.34 ± 0.2 1.16 ± 0.4 4.17
Mussel group 8 169 569 213 210 1.54 ± 0.5 5.18 ± 1.1 1.52 ± 0.4 1.5 ± 0.5 9.75
Mussel group 9 66 809 71 857 0.6 ± 0.2 7.37 ± 1.8 0.51 ± 0.2 6.13 ± 1.6 14.61
Mussel group 

10
83 352 98 352 0.76 ± 0.2 3.2 ± 1.2 0.7 ± 0.3 2.52 ± 1.0 7.18

Average 328 425 361 362 2.99 3.87 2.58 2.59 12.04
Min 35 96 35 92 0.32 ± 0.1 0.88 ± 0.3 0.25 ± 0.2 0.66 ± 0.2 2.11
Max 1346 1138 1691 1241 12.25 ± 4.0 10.36 ± 6.9 12.1 ± 3.8 8.88 ± 5.6 43.60

Table 4   Radiation risk to Asian 
green mussels in the Binh 
Thuan area, Vietnam

Whole body 
(Bq.kg−1)

External does rate (µGy.h−1) Internal does rate (µGy.h−1) Total does 
rate (µGy.
h−1)234U 238U 234U 238U 234U 238U

Min 2.38 1.53 1.61 × 10−5 2.25 × 10−3 6.65 × 10−2 3.82 × 10−2 0.107
Max 377 406 1.61 × 10−5 2.25 × 10−3 10.6 10.1 20.7
Average 54.6 50.8 1.61 × 10−5 2.25 × 10−3 1.53 1.27 2.8
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reduce or manage uranium exposure. In particular, in addi-
tion to the rivers carrying inland pollutants, this study area 
has large titanium placers that have been and are currently 
being exploited and there are two planned nuclear power 
plants that will operate in the future.

The radiological risks to people due to consumption 
of Asian green mussels based on the annual 
committed effective dose

The consumption of Asian green mussels (green mussel) by 
coastal residents of Vietnam has been surveyed: an average 
of 12.8 g/person/d−1, equivalent to 4.7 kg/person/y−1, out 
of a total mollusk consumption of 14.3 kg/person/y−1 [81]. 
The value of 4.7 kg/person/y−1 was used in this study as the 
average consumption to estimate the potential radiation dose 
contributed by 234U and 238U from green mussel consump-
tion in adults. The ACED calculated for 234U and 238U, using 
green mussels as food, is shown in Table 3. According to the 
data, the average total dosage value is 12.04 μSv.y−1, with a 
range of 2.11 to 43.60 μSv.y−1.

The WHO (World Health Organization) and the United 
Nations Scientific Committee on the Effects of Atomic 
Radiation (UNSCEAR) recommended that the effective 
annual dose for food and water consumption range from 
200 to 1000 μSv.y−1 (0.2 to 1 mSv.y−1) [102, 108]. Thus, 
the consumption of green mussels in this area is considered 
relatively safe in terms of radiation doses contributed by 
234U and 238U. However, green mussels are a species that 
accumulate a significant amount of toxic substances and 
other radionuclides such as 210Po, 210Pb and 226,228Ra that 
typically contribute more seafood ingestion dose than U iso-
topes [60, 85], especially in smaller mussels [66, 33, 38, 12, 
88]. Therefore, we recommend limiting the consumption of 
green mussels, and if people do use them, they should opt 
for adult (large) mussels.

Conclusions

This study measured the activity concentrations of 234U 
and 238U, as well as the 234U/238U ratios, in the muscle and 
the digestive diverticulum organs of Perna viridis from the 
coastal region of Binh Thuan, Vietnam, the following con-
clusions are drawn:

The results provide evidence based on U isotopic ratios 
that uranium in green mussels originates from two primary 
pathways: (1) direct uptake from uranium-contaminated 
food and (2) absorption from surrounding seawater. The 
bioaccumulation analysis revealed a relatively low capac-
ity of Perna viridis to accumulate uranium isotopes. Ura-
nium accumulation decreased with increasing body size 
for the smaller individuals while the larger mussels, the 

234U and 238U activity appeared to reach a state of stability. 
These findings suggest that smaller mussels may serve as 
more sensitive bioindicators for monitoring uranium in 
marine environments. Future studies should explore the 
application of young Perna viridis as biological senti-
nels in radioactivity environmental monitoring programs 
of uranium in Vietnam. Radiological dose assessment 
revealed that the total dose rates (two uranium isotopes 
only) for most mussel samples were below the ERICA 
screening reference level (10 µGy.h−1), indicating mini-
mal ecological risk. However, the some of the smallest 
individuals exceeded the threshold, it is warranting addi-
tional investigation to clarify localized exposure risks 
and guide appropriate mitigation strategies as needed. 
This study also recommends that since the doses from 
U alone are substantive, that total dose from all radio-
nuclides present, especially 210Po, 210Pb and 226,228Ra (as 
well as 40K) be evaluated. Lastly, although the study area 
has some titanium placer deposits that have been and are 
being exploited, the ACED to humans from the consump-
tion of uranium-containing green mussels in this region 
remains well within the safety limits established by WHO 
and UNSCEAR. Nonetheless, considering the mussel’s 
uranium bioaccumulate ability and previous findings for 
other pollutants, it is advisable to limit the consumption 
of small-sized individuals and prioritize larger specimens 
for safer dietary intake.
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