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Abstract

Environmental preservation of Ha Long Bay, a UNESCO World Heritage Site, is a national
priority for Vietnam. Coal mining is growing in the region with interim coal stockpiling
on the shore by the maritime harbour in Ha Long Bay. Due to the presence of radionu-
clides in coal, radioactivity analyses were carried out for the first time in coastal samples
to assess the radionuclide levels in Ha Long Bay. Samples of coal, sediments, molluscs,
shrimp, and fish were collected from the Bay site and analyzed for U, Th, 226Ra, 21%pp
and 2'°Po by alpha spectrometry, and for “°K, *?®Ra and '*’Cs by gamma spectrometry.
Radionuclide concentrations in sediments ranged from 21 to 43 Bq kg~! dry weight (dw)
for 28U, from 14 to 35 Bq kg~ dw for ??°Ra, and from 25 to 122 Bq kg™' dw for !°Pb and
20po, Radionuclide concentrations in marine biota were comparable to data reported for
other coastal areas. It was concluded that despite discharges of the long-lasting coal min-
ing industry in the area, no significant enhancement of radioactivity occurred in biota of
Ha Long Bay. Although at naturally-occurring levels, 2!°Po concentrations in biota were
remarkably higher than concentrations of other radionuclides and showed a clear trend of
biomagnification with increasing trophic levels, contrasting with the discrimination of U,
Th and other radionuclides in the marine food chain. Radionuclides of artificial origin,
namely '3’Cs, were present at very low level. Current radionuclide levels in marine biota
do not represent a radiation hazard for sea food consumers.

Highlights

Coal mines discharges into the Bay enhanced U and Th levels in sediments
Radioactivity in marine biota from the Bay was comparable to biota from other
seas.
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e Po was biomagnified in the marine food chain while U, Th, Ra, Pb were discrimi-
nated.

Keywords Coal - Naturally occurring radionuclides - Marine biota

1 Introduction

Coastal seas are the most productive zones of the marine environment and support the
development of large biomasses, including those of the species most contributing for the
fishery catches. Coastal areas are also the most affected by anthropogenic activities and
often receive waste discharges from cities and land-based industries while, at the same
time, are intensively used for tourism, recreation, and fisheries (Sheppard 2019).

Ha Long Bay in the Quang Ninh province, North of Vietnam, is an example of such a
coastal area with multiple uses and impacts. The Bay area is vast (1,553 km?) and provides
for wealthy fisheries, booming shrimp farms, several developing industries, intensive tour-
ism activities, and a growing human population living around the Bay (Giuliani et al. 2019;
Le Tuan Anh 2015). Owing to the scenic value of the near 2000 limestone islands and
islet formations existing at the sea, this Bay is a UNESCO World Heritage Site attracting a
growing number of tourists every year. For all these reasons the assessment of the status of
the environment for protection of the bay is a concern of the authorities and a priority for
the country (Le Tuan Anh 2015; Mustafin et al. 2019).

Around the bay, land-based industries such as coal mining and cement manufacturing,
both using sea harbors for shipping their production, may potentially increase radioactiv-
ity levels through discharges of naturally occurring radioactive materials (NORM) into the
Bay.

Coal mining at Hon Gai, near Cam Pha city, started about one hundred years ago. Due
to the dependence of Vietnam on coal for internal energy production and for fossil fuel
export, coal mining in this area duplicated in the last 30 years and continues to grow (Vu
Dinh-Hieu et al. 2012). Currently, there are 30 active coal mines in the Quang Ninh prov-
ince that bear about 95 % of the coal production of Vietnam, of about 42.5 Mtons per year.
The landscape around the Bay is nowadays deeply marked by the mining tailings and by
the nearshore coal stockpiles waiting to be transferred to the ships. The mines and coal
piles are sources of mine water discharges and surface runoff into the marine environment,
respectively. Every year, Cam Pha mines consume water estimated over 2.2 million m® and
discharge about 9 million m® of mining water into the sea. Cam Pha city stores the big-
gest quantity of sludge from the mines, and receives further 60 to 70 million cubic meters
of mine sludge each year (EcoWatch 2015). In some countries, reports have shown that
water discharges and sludge from coal mines are a source of enhanced concentrations of
naturally-occurring radionuclides, especially radium (**°Ra), as observed in the coal mines
of Poland and in their surrounding environment (Pociask-Karteczka et al. 1997; Wysocka
et al. 2019).

Cement production near Cam Pha is based on local extraction of limestone. Although
limestone generally displays lower levels of radioactivity than other rocks, the production
of clinker in high temperature furnaces can be a mechanism of volatilization and reconcen-
tration of some natural radionuclides, in particular 210pg and 22°Ra. This was reported, for
example, in ceramic furnaces (Zampieri et al. 2008), and these radionuclides may enter the
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marine environment if particulate materials from the kilns and furnaces have been included
in process water discharges.

In Quang Ninh province, other mining activities are carried out, such as gold and ura-
nium mining, although located in more inland locations and with no direct coastal dis-
charges (Vu Dinh Hieu et al. 2012). However, occasionally, intense rainfall has flooded
mines and made tailing dams to collapse allowing sludge to flow into the bay, as happened
several times in Cam Pha area, in 2015 and before (ABC News 2015).

The presence of radionuclides of U and Th radioactive decay series in coal has been
known for decades and in the past U was recuperated from some coal deposits (Dai and
Finkelman 2018). Therefore, coal production and coal burning may contribute to the
enhancement of environmental radioactivity levels through discharges of effluents. The
IAEA and other international organizations such as the European Union, recommend the
evaluation of radioactivity levels from industries processing NORM in order to assess
the need for radiation protection measures (EU 2013; IAEA 2014; Michalik 2017). In the
region around the Bay, there are no nuclear facilities, and therefore, no environmental dis-
charges of artificial radionuclides. However, global environmental radioactive contamina-
tion originated by nuclear tests and nuclear accidents, through atmospheric transport path-
ways may have delivered to this area long-lived artificial radionuclides, such as '*’Cs, in
non-reported amounts.

The assessment of radioactivity levels in the marine environment of Ha Long Bay has
not been attempted before. Because of long lasting coal mining and discharges into the bay,
there were concerns with potential impacts of NORM on the quality of sea food from the
bay and on tourism development in the region. Therefore, this investigation was considered
timely.

2 Materials and Methods

Sampling of the north part of Ha Long Bay, along the coast in the Quang Ninh province,
was carried out in 2010. Figure 1 shows the location of sediment and biota sampling sta-
tions, along with the main features of the region.

A large sample (5 kg) of freshly extracted coal was collected at Hon Gai mine through
combining coal portions from several piles, in order to obtain a more representative sam-
ple. The coal was analyzed to assess this fossil fuel as a potential source of natural radionu-
clides discharged into the coastal environment.

Sediment sampling was carried out along the shore during low tide, and in the bay with
the use of a local fishing boat. Samples were collected with a small hand operated sediment
sampler, taking bulk samples of the upper 15 cm of the seafloor. Samples were transferred
into plastic bags and duly identified for later processing in the laboratory.

Biota samples were obtained with the help of local fishermen. Species collected
included: the Peanut worm (Family Sipunculidae, Sipunculus nudus), a local delicacy that
is collected from soft muddy bottoms during low tide; bivalve molluscs, comprising the
Blood clam (Family Arcidae, Anadara granosa) and the Asiatic hard clam (Family Veneri-
dae, Meretrix meretrix), oysters (Family Ostreidae, Cassostrea gigas), and the shrimp or
Tiger prawn (Family Penaeidea, Penaeus monodon); and a common pelagic fish, the round
Scad (Family Carangidae, Decapterus punctata), a planktivorous fish.

In the laboratory, all sediment samples were sieved through a 1 mm stainless steel
sieve and dried in the oven at 95 °C. Later, following disaggregation of samples and
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Fig.1 Ha Long Bay, in North Vietnam, and location of sampling stations. Station 1 corresponds to the
Hong Cai coal mine

homogenization, portions of sieved sediment samples were used for gamma spectrometry.
Sediments were packed in dense polyethylene 100 mL cylindrical boxes leaving no head
space, sealed and stored for over a month to allow formation of radioactive equilibrium
between “*°Ra and ??°Ra daughters before measurements.

Portions of the 1 mm sieved sediment samples were dry sieved again to remove sand
and the grain size fraction less than 63 pm was used for the determination of radionuclides
by alpha spectrometry. As the sample size for alpha spectrometry is of around 1 g, removal
of sand is needed to ensure representativeness of samples and to allow intersample com-
parisons (Carvalho 1995).

Aliquots of the 1 mm sieved sediment samples, after determination of sediment dry
weight, were used to determine the weight loss on ignition at 500 °C. This determination
was performed in triplicate aliquots and the relative standard error of replicates was <1.2 %
of the average value.

Biota samples were dissected carefully, washed to remove all sediment materials, and
freeze dried. The edible parts were analyzed only, as follows: the peanut worm was ana-
lyzed in toto; from bivalve molluscs were analyzed the soft tissues; shrimp was analyzed
for meat (muscle plus hepatopancreas); and from fish, only the fish muscle (filet) was
analyzed.

Radionuclides were determined by alpha spectrometry and by gamma spectrometry. Analy-
ses of alpha particle emitting radionuclides were performed by radiochemistry and alpha spec-
trometry using well established procedures. In brief, aliquots of the homogenized < 63 pm
fraction of samples were used for the determination of 8y, 235y, 24y, 232Th, 239Th, #*5Ra,
2106 and 2'%Pb. Pb-210 in sediments was determined through analysis of 2'°Po made more
than 1 year after the sample collection, therefore, in ensured secular radioactive equilibrium.
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In biota, >'°Po and >'°Pb were determined through a first >'°Po plating soon after sample col-
lection, and a second 2'°Po plating more than 6 months later for 2!'°Po ingrowth from 2'°Pb
radioactive decay. Appropriate decay and ingrowth corrections were applied in the calcula-
tions (Carvalho and Oliveira 2007, 2009; Oliveira and Carvalho 2006). All the radionuclides
were determined applying a sequential radiochemical separation of radionuclides, followed by
their electrodeposition on metal planchets and radiation measurement by alpha spectrometry
using OCTETEplus spectrometers from ORTEC, with 450 mm? active surface ULTRA AS
Mark detectors. The Maestro software from ORTEC was used in spectrum analysis. The pro-
cedures followed, including the analytical quality control, were validated and are described in
detail in published reports (Carvalho and Oliveira 2007, 2009; Oliveira and Carvalho 2006).
The analytical quality control included the use of certified reference materials produced by
the International Atomic Energy Agency (IAEA), such as the IAEA-384 (Lagoon sediment),
IAEA-412 (Pacific Ocean Sediment), IAEA-446 (Baltic Sea Seaweed), and the IAEA-414
(Mixed fish from the Irish Sea and North Sea).

Gamma-ray spectrometry was applied for the determination of activity concentrations
of radionuclides *° K, 2°Ra, ?*®Ra and '*’Cs. The acquisition time was set to 15 h and the
photo peaks used for the activity determination were: 1460.82 keV for *° K; 295.2, 351.9 and
609.3 keV for **°Ra; 238.63, 583.19 and 911.20 keV for ***Ra; and 661.70 keV for'*’Cs. A
50% relative efficiency broad energy HPGe detector (Canberra BEGe model BE5030), with
an active volume of 150 cm® and a carbon window, was used for the gamma spectrometry
measurements. A thick lead shield, with internal lining of copper and tin protects the detector
from the environmental radiation background. Standard nuclear electronics was used for sig-
nal treatment and the software Genie 2000 (version 3.4) was employed for the spectrometric
data acquisition and spectral analysis. The detection efficiency was determined using NIST-
traceable multi-gamma radioactive standards (POLATOM Laboratory of Radioactivity Stand-
ards) with an energy range from 46.5 to 1836 keV and customized in a water-equivalent epoxy
resin matrix (density of 1.15 g cm™) to exactly reproduce the geometries of samples in the
sample containers used. GESPECOR software (version 4.2) was used to correct for matrix
(self-attenuation) and coincidence summing effects, as well as to calculate the efficiency trans-
fer factors from the calibration geometry to the measurement geometry (whenever needed).
The stability of the system (activity, FWHM, centroid) was checked at least once a week with
a 2Bu certified point source. This gamma spectrometry technique is accredited according to
the ISO/IEC 17,025:2005 standards.

Internal Analytical Quality control was applied through the analysis of IAEA Certified Ref-
erence Materials (CRM) with each batch of samples, such as the IAEA-384 (Lagoon sedi-
ment), IAEA-412 (Pacific Ocean Sediment), IAEA-446 (Baltic Sea Seaweed), and the IAEA-
414 (Mixed fish from the Irish Sea and North Sea). External Analytical Quality control was
ensured through periodic participation in International Atomic Energy Agency (IAEA) inter
comparison exercises (blind tests), with good results (e.g., Povinec et al. 2007; Pham et al.
2014, 2016).

The activity concentrations of radionuclides are expressed in Bq kg™! (dw) with the calcu-
lated expanded uncertainty.
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3 Results and Discussion
3.1 Radionuclides in Coal and Sediments

The activity concentrations of naturally occurring radionuclides determined by alpha spec-
trometry in sediments are shown in Table 1. Table 1 includes the results of analysis of
coal (sample #1) freshly extracted from the Hong Gai mine. Radionuclide concentrations
in the coal showed, within the experimental uncertainty, a secular radioactive equilibrium
between uranium (***U) and uranium daughters. This radioactive equilibrium indicates
long-term geochemical stability of the coal deposit and minor water perfusion through the
coal.

The 2*U activity concentration in the Hong Gai coal, 41.0+2.3 Bq kg™, corresponds
to 84 Bq kg™! of natural uranium (Unat) or 3.3 ppm (mg kg™') of U which is close to
the U average concentration reported for world coals, i.e., 2.4 ppm (equivalent to 60 Bq
kg~! Unat) (Dai and Finkelman 2018). Notwithstanding, many coal deposits display much
higher U concentrations up to 7200 ppm, as for example the coal from Ghizou province,
PR China (Dai and Finkelman 2018; Prachiti et al. 2011; USGS 1997; Wang et al. 2015).

The *?°Ra activity concentration in the Hong Gai coal sample, 57.4+11.9 Bq kg~!, was
in the range of ??°Ra concentrations reported for hard coal worldwide (0 - 121 Bq kg™!).
However, it was higher than the world average **°Ra concentration in coal (20 Bq kg™}),
and also higher than the average **°Ra concentration in the Earth’s crust (25 Bq kg™
(Wysocka et al. 2019). For comparison also, >*°Ra concentration in coal from Hong Gai
mine was much higher than the average >*°Ra concentration in coal from Poland (17 Bq
kg™"). In Poland, despite the relatively low concentration of *?°Ra in coal, some mines are
known for the discharge of high 2*°Ra activity dissolved from coal layers by groundwater
(hundreds of MBq per day in mine water discharges). These discharges increased radium
levels in the Vistula river basin and required discharge control and radiation protection
measures (Pociask-Karteczka et al. 1997; Wysocka et al. 2019).

A similar comment can be made about >*’Ra, daughter from 232Th, whose activity con-
centration in worldwide hard coal averages 20 Bq kg~! (range 0-105 Bq kg™!), while in
coal from Poland the average concentration is 11 Bq kg™' and in the Earth crust is 25 Bq
kg~! (Pociask-Karteczka et al. 1997). In the coal from Hong Gai mine, assuming radioac-
tive equilibrium with >**Th, the >*®Ra concentration was 45.6+2.3 Bq kg~! (Table 1).

Because of the transport of coal particles by surface runoff and river discharges into Ha
Long Bay, the whitish sediments from the bay, especially those collected near the shore
displayed a visible contamination with black coal. Table 1 shows the results of % weight
loss on ignition for coal and sediment samples. The weight loss of coal, 66.5 %, corre-
sponds to the combustible organic matter in the coal; hence, the mineral ash residue was
33.5% of coal dry weigh. The weight loss of sample #2 was 35.6% of the dry weight,
meaning that a large fraction of this sediment sample was indeed coal. In contrast to this
sediment, in most offshore samples the % weight loss on ignition was lower and fluctuated
from about 4-16 %, being the combustible material probably a mixture of some coal par-
ticles and organic matter from marine origin in undetermined proportions. A map of coal
distribution in the Bay sediments is to be made yet.

The Hong Gai coal sample contained higher concentration of 233U, 41.0+4.6 Bq
kg~!, than most sediment samples from the bay. These sediments contained uranium
(3*8U) with activity concentrations averaging 33+7 Bq kg~! (range 21-43 Bq kg™}), i.e.,
in average the sediments contained 20 % less 2*3U than the coal (Fig. 2). In sediments,
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Fig.2 Correlation between radionuclide concentrations (Bq kg~!' dw) in Ha Long Bay sediments and sedi-
ment weight loss on ignition (%). As per data in Table 1 (n=10; one outlier excluded)

the average concentrations of the 28U descendants *°Th, *?°Ra, and *'°Pb were at
81+41 Bq kg™!, 25+6 Bq kg™!, and 58+25 Bq kg™!, respectively. These values indicate
departure from radioactive secular equilibrium with reduction of ?°Ra concentration
in sediments because of the high radium solubility in seawater, while >*°Th and >'°Pb
radionuclides, both much less water-soluble than radium, remained in the solid phase
and accumulated in sediments (Atwood 2010).
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It is relevant to note also that 2*2Th, the precursor of thorium radioactive decay series,
was present in sediments in activity concentrations averaging 52+17 Bq kg™' (24-80 Bq
kg™!), thus in activity concentrations slightly higher than in the coal, 45.6+2.3 Bq kg™,
and at a level unusually high for carbonate sediments (Ivanovich and Harmon 1992; Car-
valho et al. 2017). As the geology of the bay region is a karstic formation, most marine
sediments are derived from limestone (calcium carbonate). Radioactivity levels in lime-
stone are known to be generally much lower than in other rocks, such as shale, schist and
granite (Ivanovich and Harmon 1992; Carvalho et al. 2017) and the source of this enhanced
232Th concentration in the Bay is attributed to sedimentation of coal particles.

The sediment samples from offshore, such as samples #18 and #20, contained a mini-
mal contamination with coal (approximately 4-5 % weight loss on ignition), and simultane-
ously displayed the lowest concentrations of thorium, uranium and radium. Sediments with
higher % weight loss on ignition displayed slightly elevated concentrations of these radio-
nuclides, suggesting that coal was the source of the additional radioactivity to sediments.

Attempts were made to establish correlations between radionuclide concentrations and
% sediment weight loss on ignition (LOI). These correlations were statistically significant
for 2*’Th (p<0.01) and also for *8U (p<0.01), while **°Ra, 2!°Pb and 2*°Th were poorly
correlated with % weight LOI (p<0.20) (Fig. 2). Equations of the best-fit correlation lines
indicate a y-axis intercept at approximately 20 Bq kg~', which would be the likely natural
radionuclide content of carbonate sediment without organic matter and coal contamination
(Fig. 2). Notwithstanding, because of the hydraulic sorting of coal particles in the Bay,
complex chemical behavior and water solubility of radionuclides from coal, and presence
of variable amounts of organic matter from other origins than coal, the correlations of radi-
onuclide concentrations with LOI are of limited significance. Furthermore, in coal ores
the U generally is associated with the organic matter, while Th is mostly associated with
refractory minerals which may render more complex the redistribution of radionuclides in
the marine environment (Dai and Finkelman 2018; Prachiti et al. 2011).

Both 232Th and ?*®U concentrations in sediments indicated a minor, but still detectable
enhancement of these primordial radionuclides likely related with coal particle and mine
water discharges into the Bay (Fig. 2). Thorium-232 (and ?*°Th from uranium series) pre-
sent in coal discharges remained in the solid phase because thorium is water insoluble,
while a fraction of uranium and a larger fraction of radium from coal gradually dissolved
in seawater. Such as in the coal, the >**U activity concentrations in sediments were nearly
identical to those of 228U (Table 1). The 25y, precursor of actinium series, was represented
in sediments with a much lower activity concentration than the uranium isotope >*%U, as
expected, and averaging 1.5 Bq kg™! (range 0.8-2.1 Bq kg™") (Table 1). The average activ-
ity concentration ratios of uranium isotopes in Bay sediments were >*U/?*¥U=0.970 (_1,
within the experimental uncertainty) and 2*>U/2*®U= 0.045, corresponding to the isotopic
ratios of natural uranium (Magill and Galy 2005).

On land, around the Ha Long Bay area, results of a radon (**?Rn) survey made in Quang
Ninh buildings did show relatively low radon concentrations indoors (Nhan et al. 2012).
Based on those results, relatively low levels of uranium series radionuclides could be
expected in soils and rocks in this area. However, this expectation could not be extended
to the sea floor because of the coal mine discharges into the bay. Sampling and analysis
performed in this study allowed to confirm now the low radioactivity levels inside the bay.

Although we consider the discharge of coal particles in surface runoff and mine water
discharges as the primary pathway for potential radioactivity enhancement in the Bay, an
atmospheric transport pathway may also exist. The Tonkin Gulf, in which Ha Long Bay is
located, is a hot spot area for black carbon (BC) particulates in the atmosphere, >3 ug BC
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m~3, derived from coal and biomass burning in the region (Mari et al. 2019). These BC
particles enter the sea with wet and dry atmospheric depositions and, although their mass
is minimal, they may carry contaminants and contribute to enhance their concentrations in
sediments. Black carbon and soot from coal burning, and fly ashes from biomass combus-
tion usually carry enhanced concentrations of natural radionuclides, especially 2!°Po and
210pp which add up to the 2!°Pb deposition flux from atmospheric radon decay (Carvalho
et al. 2017). These atmospheric depositions, particularly the 2!°Pb deposition flux from
decay of atmospheric radon, could explain the excess of 2!°Pb in bay sediments whose
average concentration was approximately twofold the 238U and 2**U levels (Table 1).

Several radionuclides were determined by gamma spectrometry in a selection of sedi-
ment samples (Table 2). The most abundant radionuclide was potassium-40 (*° K), whose
concentration in sediments averaged 424+22 Bq kg™!. Ra-226 from uranium series and
228Ra from thorium series matched the range of concentrations determined by alpha spec-
trometry (Table 1) and 2*®Ra confirmed the higher activity concentration of thorium series
radionuclides in comparison with uranium series radionuclides in sediments. Despite the
good agreement between alpha and gamma spectrometry results, it must be noted that
results for radionuclide concentrations strictly cannot be directly compared because of the
difference in sediment grain size cut off used in sample preparation. Cesium -137 in sedi-
ments was below detection limits at very low concentrations (<1.3 Bq kg™"). Other meas-
urements of '*’Cs in marine sediments from the entire coast of Vietnam, including this
study area, confirmed these low levels for the year 2010, with concentrations ranging from
0.51 to 2.62 Bqg/kg (dw) (Quang Long et al. 2011). These values were cesium-137 levels
prior to the Fukushima nuclear accident and, since then, might have increased following
the radioactivity releases into the environment originated by that nuclear accident in March
2011.

3.2 Radionuclides in Biota

Results of biota analysis are shown in Table 3. In the Bay, there was no ubiquitous mol-
lusc species, such as mussels or oysters for example, that could be used as a bioindica-
tor for synoptic assessment of radionuclide levels in the Bay area. The distribution of
bivalve mollusc species was uneven and different species were available in mollusc banks.

Table2 Activity concentrations of radionuclides (Bq kg™' dry weight + 20) determined by gamma spec-
trometry in samples from Ha Long Bay

Sample number Sample material 40K 137¢s 226Ra 28Ra

#3 Sediment 455 +55 <1.1 28.3+4.4 53.9+7.9
#15 Sediment 403+51 <1.0 31+4.3 47.7+6.5
#18 Sediment 414+54 <13 25.5+3.9 48.6+7.1
#45 Peanut worm 219431 <73 <16 5.0+0.6
#43+#44 Oysters 249+81 <5.0 <15 <10
#414+#42 Blood clam 113+58 <4.3 <12 <7.0
#36+#37+#38 Asiatic hard clam 255+38 <22 <32 45+2.3
#39 Tiger prawn 227+105 <8.8 <21 <13

#40 Fish (filet) 343184 <5.8 <12 <15

< X, lower than the detection limit x
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Notwithstanding, as all were sediment dwelling and deposit feeders, the activity concen-
trations turned out to be similar in different species (Table 3). Soft tissues of these mol-
luscs contained low concentrations of uranium, averaging 4.1+2.5 Bq kg™, followed by
226Ra with 1.6+1.4 Bq kg~!, and 2*>Th with 1.3+0.9 Bq kg™'. These values contrast with
the most accumulated radionuclides, namely 210pp | with average activity concentration of
9.9+8.3 Bq kg~!, and 2!°Po, with 248+163 Bq kg~!. Likewise, the activity concentration
of polonium was similarly high in shrimp and molluscs while in the fish muscle and peanut
worm it was very low (Table 3).

Radionuclide concentrations in biota from Ha Long Bay, namely those of bivalve mol-
luscs, crustacean and fish, were in the range of concentrations reported for similar species
from other coastal seas and are not exceptional (Table 4).

The main source of uranium, radium, and radioactive lead for marine biota generally
is sea water, and bioaccumulation takes place by radionuclide absorption through the gut
and gills. For polonium, the main source is the food and the transfer pathway is food inges-
tion (Carvalho 2011, 2018; Carvalho et al. 2017). Generally, for biota such as the species
sampled from Ha Long Bay, radionuclides bound to sediment are not readily available for
bioaccumulation. However, sediments are the larger reservoir of natural radionuclides in
the ecosystem and the one that maintains radionuclide concentrations in seawater nearly
constant through a dynamic equilibrium of ion exchanges between sediment and water
(TAEA 2010).

It is interesting to note that the soft tissues of sediment-dwelling bivalve molluscs from
Ha Long Bay, displayed activity concentrations of U (both 238U and ?**U) higher than
226Ra, and these ones were nearly similar to Th concentrations. This is not the case in other
coastal seas, where Ra is more bioconcentrated than U and Th (IAEA 2004). This low
bioconcentration of Ra in Ha Long Bay biota is likely an effect of the high concentra-
tion of Ca** ions in water resulting from dissolution of calcium carbonate of the abundant
limestone rocks (Cao Thi Thu Trang et al. 2020; Cerrano et al. 2006; Drogue et al. 2000).
Because the divalent Ca** ion has similar chemical properties to Ra** ion, they compete
in the absorption by marine biota, and high Ca** concentrations in water dilute and reduce
the bioaccumulation of radium ion (IAEA 2004; Carvalho 2018).

Attempts were made to determine radionuclides by gamma spectrometry in a selection
of biota samples (Table 2). The concentrations of *° K averaged 234 Bq kg™' (113-343 Bq
kg™!). Cs-137 was not detected and ??°Ra from uranium series and ***Ra from thorium
series were generally below detection limits (Table 2).

3.3 Food Chain Transfer of Radionuclides

In the marine environment, the partitioning of radionuclides between sediment, water and
biota is controlled by several parameters, but the chemical properties of each element are
those playing the central role in their concentration in biota (IAEA 2004; Carvalho 2018).
Results reported herein (Table 3) show that some chemical elements, such as polonium, are
greatly accumulated in organisms and transferred in marine food chains while others, such
as uranium, thorium, radium, and lead are not bioaccumulated significantly and are even
discriminated along food chains. A graphic display of this is given in Fig. 3.

The average concentration of 233U in sediment - the main radionuclide reservoir - is
used as a reference line, and organisms from sediment worm to fish are displayed in a
sequence, according to the increasing trophic level. To render data on biota comparable
on a whole body basis, the 2'°Po activity concentration in whole body fish was estimated

@ Springer



F. P. Carvalho et al.

oner JySrom Jom/KIp ‘M/d

9qe} STY) UT Pasn SITUN ) 0} PAJIIAUOD d1om $110daI [RUISTIO WOIJ S)NSAT “POPIOU JOAJUSYAN

0r°0 (&poq
S10T “Te 39 uppn 8GI-T1 $€'6-88°0 €LL0 Y20 JInD uBlqRIY  S[OYA) SA10ads onpuaq XIS
010T “'Te 1 LOpISaq 8FFOI1 ST0 ©3S dnRLIPY (oposnur) Aroyouy
8107 T8 32 dury LLY-6LT 0T°0 €SH9 6Ll 0£'0 BOS UBSUBLINIPIIA (eposnur) Aroyouy
800T ‘BIRAIQ PUE OY[EATED)  L]'T 0€1 SEY  vLT 800 110 010 €20 onuepy 4N (srosnu) surpreg
Apms sy, 050 OL'LT 00T  ¥80 00T 800 ¥00 STO feg SuoT ey (aosnur) prog
sty
1861 ‘PneIASH pue A119yD) 6991-S1 8€-LE0 SBIS [BI0AIS (Apog sroyp) dwiryg
110T ‘oy[eate) 06  €F1 820 onuepy gN duityg
Apms STy, €€0 91TH I'6 T 1T0 8F0 SFO €20 Keq SuoT eH umeid 1031],
mﬁwuoﬁum—do
010 “Te 3 19pIsag TIFIS 910 B3 dnRLIPY wep)
970
S10T “Te 39 uIppn SIT-Sh 0 JIno ueqery so10ads mog
LOOT “'T& 39 uBuuo) 881 6'S €0 [puueyD ysysug SI8A0
YI0T BRI TO'] 88¢ w6 Pl 97 120 BOS BIBWLIEIA NERNU A
L10T .~N i) NmOEOEOm hwm ._u._u @N .VN ONO Cmu:&boﬁvoz woﬂovam Imoyq
800T ‘BIPAI[Q PUE OY[EATE)) 00S S'S1 6€ €€ 00 onueRy AN sa10ads mnog
Apms sy, €1 84T 66 91T 80 L¥ It 910 Keg Suo] ey sa10ads nog
SOSN[[OW dA[RATY
vocnﬁvmvm wUnQ A oy meNm :,Humm Omo_m L&o_m mMoNN SHOmN Dvmm Dwmm Aa :O_wom muo_m

SBATE [2ISEOD [EIASS WO BIOI] dULIEW Ul (mp _SY bg) saprjonuorper jo uonenuaouod ANANoY  f 3jqe)

pringer

Qs



Environmental Radioactivity in the Marine Environment of Ha...
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(based on proportional radionuclide distribution data on sardines and other fish species).
In the marine species analyzed, uranium clearly was not bioconcentrated and, actually, the
uranium concentrations in biota decreased with increasing trophic level. The same decreas-
ing trend in higher trophic levels can also be seen for thorium (both ***Th and **°Th),
radium, and lead. In contrast to U, Th, Ra, and Pb, the increase of polonium concentrations
in higher trophic levels illustrates the distinct behavior of this radioelement and shows its
biomagnification in marine biological systems.

In biota from Ha Long Bay, the polonium concentrations were always much higher than
the concentrations of other radionuclides. Notwithstanding, 210pg concentrations were
similar, or at least were in the range of 2'°Po concentrations reported for biota from other
coastal seas. The remaining naturally occurring radionuclides also showed concentrations
similar to marine biota from other regions (Table 4). The trends of polonium biomagnifica-
tion and uranium discrimination illustrated above with results from Ha Long Bay are sup-
ported also by data from other marine regions and are not related to coal discharges into Ha
Long Bay (Carvalho 2011). Instead, these trends seem to be universal to all marine regions.

This study on Ha Long Bay showed that the long-lasting industrial activities and dis-
charges of NORM containing effluents into Ha Long Bay, in particular from coal mining,
resulted in a minor enhancement of radioactivity in nearshore sediments and no radioactiv-
ity enhancement in the marine biota.

The consumption of seafood from the bay will transfer radionuclides to human beings
through ingestion. Due to coal mine discharges into the bay, the consumption of sea
food should be a major pathway to take into account in the radiological risk assessment
for members of the public through exposure to environmental radioactivity. The radionu-
clide concentrations in sea food from the Bay and the activity-to-dose conversion factors
applicable to the calculation of radiation dose to consumers through food ingestion (IAEA
2014) were used to assess the relative contribution of radionuclides to the effective dose.
The contributions of *'°Po and ?!°Pb to the effective dose become highlighted as the main
ones among the set of radionuclides analyzed, i.e., they are identified as the critical radio-
nuclides to the dose (Fig. 4). As the activity levels in biota from Ha Long Bay were com-
parable to levels reported for other coastal seas, these critical radionuclides will not bring
about enhanced radiation exposure of seafood consumers, at least as far as their levels in
the Bay remain comparable to background levels.

A recent study performed in Vietnam on the effect of cooking procedures on >!°Po con-
centrations in food revealed that cooking eliminates a large fraction of 2'°Po present in the
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Radionuclides in sea food Relative contribution to
(mollusc's soft tissues) internal dose in humans

238U

234U 44% 235U

230Th 234U

226Ra < 230Th

232Th 232Th

4% 226Ra
0.55%

Fig.4 Left, relative contribution (%) of radionuclides to radioactivity in seafood represented by mollusc
soft tissues. Right, relative contribution (%) of radionuclides in sea food to the internal effective dose
received by seafood consumers

raw food (Van et al. 2019). Therefore, not only the radionuclide levels in sea food from Ha
Long bay are comparable to radionuclide levels in sea food from other coastal seas, as well
as the radiation dose to consumers probably will be even reduced by cooking procedures.

4 Conclusions

Along the shoreline of Ha Long Bay, and in particular by the coal harbour, U and Th lev-
els in sediments were slightly increased in comparison with the cleaner calcium carbonate
sediments from open sea in the bay. The increase in U and Th concentrations in sediments
along the shoreline was due to accumulation of coal particles on the seafloor following coal
transport by surface runoff and mine water discharges into the bay.

The relatively small increment of U and Th concentrations in the near shore sediments
was not reflected in radioactivity levels in marine biota. Globally, radionuclide concentra-
tions determined in marine biota from Ha Long Bay were comparable to data reported for
similar biota from other coastal seas worldwide.

At such naturally-occurring radionuclide levels in biota, the 2'°Po concentrations stand
out in comparison with other radionuclides but this reflected solely the well-known bioac-
cumulation of polonium in marine organisms. It was noticed that radionuclide concentra-
tions in marine organisms displayed an interesting feature: a polonium bioaccumulation
trend increasing with trophic levels, and contrasting with the decreasing bioaccumulation
trend of uranium and other radionuclides in higher trophic levels. This feature supports our
interpretation that there is biomagnification of polonium in marine food chains.

Although anthropogenic activities around Ha Long Bay might have some impacts on
environmental quality, they have not significantly changed the radioactivity levels in the
marine environment. Therefore, at the present, the use of Ha Long Bay as a leisure area
and the consumption of local seafood do not enhance the radiation exposure of members of
the public.

This study focused mainly on radionuclides of natural origin and potential enhancement
of their levels in the Bay caused by coal discharges. Other issues related to coal discharges
should also be assessed, such as environmental contamination by metals from the coal.
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