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Abstract: The behaviour and water-sediment distribution of particle-reactive Polonium-210 in the
marine environment with high concentration of total suspended particulates (TSP) and dissolved
organic matters (DOC) along the coast of the Tonkin Gulf (North Vietnam) were investigated. It was
revealed that the water-sediment distribution coefficient, Kq(s), of 2°Po varied from 2.39x10° to
1.9x10% (L kg™) and from 7x10%o 2.5x10° (L kg™), respectively, in the rainy and dry season. This
implies that in the aquatic environment 2'°Po tends to be of high affinity to suspended particulates.
The #%Po Kgy(s) was positively correlated with salinity in both rainy and dry seasons. With DOC the
Ka(s) was positively correlated in the rainy season, but in the dry season the relationship tended to be
reverse. This behaviour of 22°Po in the coastal region was explained by the variation of pH of seawater
and by the complexation of the isotope with DOC. The Ky(s) found in this study was in an order lower
compared to that reported by Malaysian researchers for the Thailand Gulf. The most important source
of 2%Po was suggested to be from in-situ generation by the decay of its grand-parent 2°Pb which
mainly derived from the atmospheric fall-out.
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I. INTRODUCTION

The distribution and behaviour of the
natural-series  radionuclide  polonium-210
(*°Po, Ty, = 138 days) in the marine
environment has been a focus of study for
nearly 50 years. Initially, the primary interest
in this alpha-emitter originated from the
relatively high levels of 2°Po measured in
some marine biota and the enhanced natural
radiation dose they receive from it [1-3].
Additionally, it was noted that #°Po levels in
the sea may become enhanced due to direct
anthropogenic inputs from the atmosphere and
land runoff, e.g. coal combustion and certain
mining, industrial, shipping and agricultural
activities related to phosphorus fertilizer
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application, which could result in increased
public and occupational radiation exposure [4-
7]. In other scientific fields, owing to its unique
physical and chemical properties, ?!°Po and its
grand-parent lead-210(?*°Pb, T1, = 22.3 years)
were shown to be useful biogeochemical
tracers of particle scavenging processes in the
sea as well as a tool for delineating specific
marine food chain processes [8-10]. Recently
the disequilibria between #°Po and 2°Pb in
seawater and suspended particles have been
studied by oceanographers as a possible
analogue for assessing particulate organic
carbon (POC) flux through the water column
[11-15].
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Lead-210 is produced throughout the
water column by the decay of dissolved Ra-
226 (Ti2 = 1,600 years) and its successive
short-lived daughters. This part of #°Ph is
called as supported. Besides, 2°Pb is also
introduced into the sea surface from decay of
atmospheric Rn-222 (T1.=3.8 days) and it is
called as unsupported or excess lead-210. By
beta decays, 2°Pb produces ?°Po and in certain
conditions between the two radio-nuclides
would be existed secular equilibrium. Virtually
all 2°Po in seawater is produced in-situ by the
decay of 2%Pb [16]. In the oceans, both 2°Pb
and 2°Po may be recycled or settle along with
solid particles and eventually be deposited in
the marine sediments. Detail on the various
pathways through which these nuclides may
proceed in the atmospheric or marine
environment was described by Du et al. [17]. It
was shown that the 2*°Po and 2*°Pb mobility in
the water column is accomplished by an
aggregation of colloidal material and
adsorption onto particulate matter [18],
therefore they are called particle-reactive, i.e.
non-conservative nuclides. On the other hand,
210po has more tendencies to a biological
removal and appears to be more actively
involved in the biogeochemical cycle
compared to #°Pb [19]. The removal of ?:°Ph
and 21°%Po from the sea surface into the deep sea
is mostly by the scavenging of particulate
matters suspended in the water column and
adsorption via particulate-water interface
interaction [20]. In estuaries with high
concentrations of dissolved organic matter
(DOM), the abundance of these particle-
reactive nuclides in the water column tends to
be relatively high [21, 22] due to the
complexation of metal ions with DOM. Thus,
in organic-rich waters, the residence times and
ultimate fate of these nuclides are strongly
influenced by complexation with DOM.
Studies on the geochemical processes of 21°Po
in open sea and oligotrophic aquatic
environment have been conducted by
numerous oceanographers as well as

environmentalists and they were summarized
by Fowler [23]. However, the water-suspended
matters/sediment  distribution of 2°Po in
shallow coastal region with high DOM, turbid,
low salinity water is still very limited [24, 25].
It appears that to adequately answer such
questions about radiation doses as well as to
better understand how 2°Po can be best used to
measure  specific marine biogeochemical
processes, an in-depth knowledge of the
behaviour of this radionuclide in a variety of
marine species (water, suspended matter,
sediment, biota) and food chains is necessary.

In this study, #°Po concentration was
quantified along the coastal line of the Tonkin
Gulf in the Bien Dong (Eastern Sea) with the
aim to (i) determine the background level of
the nuclide in seawater and sediment in a
region having active agricultural, aqua-cultural,
traffic and mining as well as coal burning
activities; (ii) assess the effect of dissolved
organic carbon (DOC) content and pH/salinity
in water column on the water-sediment
distribution coefficient (Ka(s)) of 2%Po; (iii)
evaluate important sources of ?°Po generation
in the marine environment of the study area.

I1. MATERIALS AND METHOD

A. Study area

Fig 1 depicts a map of the study area
along with sampling locations. The study area
was the coastal line along the Tonkin Gulf of
the Eastern Sea (North Vietnam) that prolongs
from the Thai Binh estuary (20° 17.33’N, 106°
35.20’E) to the Van Don Island District
(Quang Ninh province, 21° 09.21°N, 107°
22.02’E). This covers the coastal areas of the
Thai Binh, Hai Phong and Quang Ninh
provinces that are located within the Red River
delta (RRD). Thai Binh province is specialized
mainly with rice production. Hai Phong is the
biggest and most modern container terminal in
the North of Vietnam with through-put
capacity of 500,000 TEU’s a year [26]. In
Quang Ninh province coal mining is the main
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activity with a production capacity of around
42 million ton a year (by the 2011) [27]. The
coal mining technology applied in Quang Ninh
is open excavation thus a huge amount of soil
in piles left behind that could threat the habitat
of the Ha Long Bay and the adjacent Bai Tu
Long Bay also. This is particularly true in the

Nui Beo (Hon Gai area). With the coal
abundance, several coal power plants, e.g.
Uong Bi with 710 MWe and Cam Pha
(260MWe) as well as cement factories with
total capacity of 2.3 million ton a year are
currently operated in the locality.

Thai Binh/ Rrovince

oanh Bo Cam Pha

Quang Ninh Province
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As3

Thuy Nguyen
Yen Hung
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Antags KienAm Bach Dang estuaryy  cattai
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Fig. 1. Sampling sites along the coast from Tra Ly estuary (Thai Binh province)
to Van Don Island (Quang Ninh province)

The RRD covers an area of around 1.5
million ha, out of which 47% is used for
agriculture and aqua-culture, and 90% of the
agricultural area (670,000 ha) is used for
annual crops, e.g. rice, corn, sweet potato, etc.
The agricultural production in the RRD is
much affected by the Red River and Thai Binh
River systems as the source of fresh water for
irrigation. The discharge of the Red River and
the Thai Binh River into the sea, in average, is
about 3,300 m® s! and 1,060 md s,
respectively [28, 29]. In rice farming,
Vietnamese farmers are used to apply
inorganic (N-P-K) fertilizer at a rate of 373.3
kg ha of which 30% is P.Os [30].

The RRD is located within a typical wet
and hot subtropical climate determined by
monsoons. In winter or dry season (November
through February), the weather is quite cold

with little rain, and summer or rainy season
(April through July) is hot, sunny and rainy.
The average annual rainfall is approximately
1,600 mm. The highest rainy season occurs
from May to October. In summer, rainfall
accounts for 80-85% of total annual
precipitation. Average temperatures range from
12°C in December and January, the coolest
months, to more than 37°C in July, the hottest
month. Mean humidity is greater than 80%
throughout the year [29].

B. Sample collection

Table | shows the locations of the
sampling campaigns. The first campaign was
conducted by the end of the rainy season (Oct-
Nov, 2014) and the second one was by the end
of the dry season (March, 2015). Table I
indicates also the characteristics of each
sampling site.
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All water and sediment samples were
taken from a distance of around 1 km from the
seashore at the highest tide with a water
column of 3.0-3.5 m, except for the Cat Ba
location where water column at high tide was
deeper than 5 m. Water samples of 10 L were

taken at a depth of 0.5 m from the surface into
HDPE cans. Surface sediment (from surface to
a depth of 5-7 cm) with an amount of around
0.5 kg (wet weight) was taken using a stainless
steel Ponar grab [31] then transferred into
dark-wide mouth glass bottles with caps.

Table I. Sampling locations and its characteristics

Sample

ID

Sampling location

Location description

S1

S2

S3

S4

S5

S6

S7

S8

S9

S10

Thai Binh
(201°17.33°N,
106° 35.20°E)

CaBal
(20°51.30°N
106° 58.58°E), and

CatBall

(20° 48.15’N

106° 56.57°E

Tuan Chau (Ha Long Bay)
(20°55.39’ N

106° 59.22° E)

Cai Lan port (Ha Long Bay)
(20° 58.32’ N

107° 05.05’ E)

Hon Gai (Ha Long Bay)
(20°55.13° N

107° 07.06’ E)

Ha Tu (Ha Long Bay)
(20°58.28° N

107° 13.27° E)

Quang Hanh (Bai Tu Long

Bay)

(20°59.43° N

107° 15.33’ E)

Cam Pha (Bai Tu Long Bay)
(20°59.35° N

107° 19.16’E)

Van Don (Bai Tu Long Bay)
(21°02.59’N

107° 21.52°E)

Aqua-culture area where clams are raised. The location is under
the direct impact of fresh water discharge from the Thai Binh
River system through Tra Ly, Diem Dien, Van Uc estuaries.
Water is turbid. The area is exposed to the air during neap tide.
At high tide the water column was as high as 3.0-3.5 m.

Aqua-culture area where oysters and fishes are raised in cages.
The location is under indirect impact from the Bach Dang
estuary. Water is relatively clear. During the neap the depth of
water column was 2-3 m and during the high tide it was deeper
than 5 m.

Aqua-culture area specialized with oyster raising

A tourism area with intensive boat traffic. Coal mining is
carried out deep inland (30-35 km from the seashore). Several
streams from the mountainous area discharge fresh water into
the Bay.

A deep-water port. There is a cement factory

Residential and administrative area

A coal mining area

A coal mining area

The location is under heavy impact of the coal mining activity
from the Nui Beo Mine.

Aqua-cultural area with fish in cage raising
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The samples were transported to the
laboratory in Hanoi city for further treatment
and measurement for the 2°Po activity as well
as total dissolved organic carbon (DOC)
content. Salinity of seawater was measured
directly in the location using an appropriate
probe (TOA, Japan).

C. Sample treatment

In the laboratory, water samples, were
first vacuum filtered to remove suspended
particulates using Millipore filters of 0.45
meshes. An aliquot of the filtrate was taken to
guantify the content of total dissolved organic
matters (DOC) by wet oxidation on a TOC
analyzer (Shimadzu, Japan). Eight mBqg of
2po  (chloride solution) as an internal
chemical recovery standard was added to the
filtrate, thoroughly mixed and then allowed the
content to reach the isotopic equilibrium for
one day. Afterwards, 10 ml of saturated
solution of FeCls as a carrier was added to the
filtrate and then Fe(OH)s was precipitated by
gently adding NH,OH 1M under continuous
stirring. The suspension was allowed to settle
overnight then the supernatant was siphoned
out. The Fe(OH); with adsorbed constituents,
e.g. polonium and other heavy metal ions, was
centrifuged. The precipitate was dissolved in
10 ml HCI 1M containing some mg of ascorbic
acid to reduce Fe*, if any, present in the
chloride solution. Both 2®Po and #°Po from
the chloride solution will then spontaneously
deposit onto silver plates of 25 mm diameter
which directly contacted the solution, at 80 °C
for 4 hours to form polonium sources.

A procedure for sediment treatment to
get polonium source was described elsewhere
[32]. Briefly, it was as follows.

Sediment samples were, first, wet sieved
through 1 mm mesh sieve. The suspension was
allowed to settle for one day then the
supernatant was decanted. The sediment was
allowed to dry at room temperature followed
by drying at 70 °C overnight. For each analysis

around 2 g of the dried sediment was taken and
8-10mBg of 2®Po (PoCl, solution) as an
internal chemical recovery standard was added.
The sample was digested by a mixture of HCI:
HNOs: HF: H202 on a hot sand plate till clear
solution was obtained. The solution was
evaporated to almost dryness then dissolved
into 10 ml of HCI 5M. Polonium in the
solution was thrice purified by liquid extraction
with a mixture of diethyl dithiocarbamate
(DDTC) 0.1% in CHCI; (10 ml each time).
Polonium in the organic phase was twice back-
extracted in 5 ml of concentrate HNO3 and acid
phases were combined and evaporated to
almost dryness. Note that, do not rise
temperature during the evaporation over 80 °C
as polonium is an easily volatile substance.
Residue of HNO; was decomposed by H.0;
and then the solid content obtained was
allowed to cool down to room temperature
followed by dissolving into 10 ml HCI 1 M at
80 °C. If the solution was brown then some mg
of ascorbic acid needs to be added to reduce
the Fe®*. Polonium sources were prepared by
its deposition onto silver plates, similarly to
those described above for water samples.

D. Radioactivity measurement and data
processing

Activity of 2®Po and #°Po was counted
on an alpha spectrometer (Alpha-analyst,
Canberra, USA) equipped with a PIPS
(Passivated lon-Implanted Planar Silicon)
detector. The active area of the detector is 450
mm? and its resolution is 18 keV. The activity
of 2%°Po and 2°Po was quantified based on the
area of the energetic peaks of 4.88 MeV and
530 MeV, respectively. The data were
processed using Genie-2000 for ' I-analyst
software supplied by the supplier. The activity
of #%o in the samples was corrected to the
date of sampling.

The accuracy of the procedure was
checked using a certified reference material
CRM-4357 (marine sediment) from the NIST
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and the deviation from the certified value for
219pg was not exceeded 5-7%.

Water-sediment distribution coefficient
Kq(s) is defined as the ratio of specific
concentration activity in sediment to those in

water [33]. So, K:OP" (s) for °Po is defined as:

210p
sed

A 210P0

Where A_."° is the
concentration of 22°Po in sediment (Bq kg* dry

K, "°(s) = 1)

radio-activity

A 210p . . .
weight), and A, "° is the radio-activity
concentration of 21°Po in water (Bq L™2).

The coefficient Kq(s) was used widely to
characterize the biogeochemical processes in
the lake and marine environment [15, 34-36].

I11. RESULTS AND DISCUSSIONS

Table Il presents the data of the activity
concentration of ?2°Po in sediment and water
samples, the content of DOC and salinity in
seawater are also shown in the fourth and fifth

columns, respectively. The value of water-
sediment distribution coefficient, Kq(s), of
210pg estimated based on Eq. (1) for each
sampling site is presented in the last column of
Table II. It should be noted that the content of
total suspended matters (TSM) in seawater
from the study area during the rainy season
(Oct-Nov, 2014) was so high ranging from 0.5
g L (in Van Don site) to 1.12 g L? (in Thai
Binh site) with mean * stdev (0.6 + 0.5) g L™.
In contrast, the TSM content in seawater in the
dry season was a half of those in the rainy
season (0.3 = 0.2) g L (both data not show
here). This implies the higher erosion rate from
inland during the rainy season compared to
those during the dry season. Pham Van Ninh
and his co-workers studied the marine
environment along the coast of Vietnam had
reported that the river systems in the North
Vietnam annually discharge into the Tonkin
Gulf around 3.1 million ton suspended matter,
out of which more than 70% was the
contribution from the rainy season (May-
October) [37].

Table 1. Activity concentration of 2°Po in sediment and water along with DOC and salinity in seawater
from the study area during the rainy and dry seasons; the KSHIO (S) derived for each sampling site based
on Eq. (1) is presented in the last column

?%o0 in %0 in DOC in L KPo-210(s)
. . Salinity, d ,
Sampling site sediment, seawater, seawater, it L kot
Bg kg! DW mBq L* mg L P 9

Rainy season (October-December 2014)
Thai Binh 196 + 12 8.5+2.2 7.3+05 144+ 0.6 (2.3+1.2)10*
CatBal 106 +9 154+25 78+04 22.3+05 (7.0+1.3)103
CatBall 111 +17 74+1.7 6.7+0.2 22.2+0.7 (1.5+0.4)10*
Tuan Chau 108 + 17 56.8 +3.2 58+0.2 155+0.4 (1.9+0.3)103
Cai Lan port 170+ 11 224+65 6.9+0.3 18.6 £0.4 (7.6+0.6)103
Hon Gai 122+ 15 6.4+27 26+0.2 25.6+0.3 (1.9£0.2)10*
Ha Tu 139 +£13 154+£73 5.7+0.6 247+ 0.6 (9.0+0.1)103
Quang Hanh 133111 95+26 46+0.2 245+0.3 (1.4+0.3)10*
Cam Pha 122+8 17.4+6.6 6.8+04 22.2+0.3 (3.740.1)103
Van Don 129+15 7.0+34 35+05 26.4+04 (1.940.5)103
Rainy season (March-April 2015)
Thai Binh 185+ 15 9.7£3.6 4.310.2 15.9+1.1 (1.9+1.0)10*
CatBal 115+21 14.6+1.8 3.7£0.3 15.6+0.6 (7.0£0.6)103
CatBall 145+ 11 1.9+2.5 4.9+0.2 15.7+£0.6 (7.6£0.3)10*
Tuan Chau 131+14 0.5+0.3 6.1+0.2 26.3+0.4 (2.5£0.2)10°
Cai Lan port 136 +22 0.6£0.5 5.1+0.2 24.310.2 (2.3£0.2)10°

6
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Hon Gai 117+ 19 0.7x£0.5 4.9+0.2 25.6£0.4 (1.6+0.4)10°
Ha Tu 158 + 12 1.4+0.3 4.7+0.2 23.5£0.3 (1.1+0.3)10°
Quang Hanh 153+ 16 21.9+4.7 5.2+0.3 17.8+0.5 (7.0+1.0)103
Cam Pha 137 +£16 0.7+0.6 6.0£0.1 28.5+0.2 (1.9+0.3)10°
Van Don 142 + 19 1.1+£0.5 3.610.1 26.8+0.2 (1.3+0.5)10°

Chung and Wu [38] found the 2P0  to estimate the Ka(s) viz.

concentration in surface water in the open
northern Eastern Sea (South China Sea) to be
as high as 1.6-2.8 mBq L. As seen from Table
2, the 2%%Po concentration in water of the
Tonkin Gulf during the dry season was mostly
comparable with those found by Chung and
Wau [38]. However, in the rainy season 2°Po in
water of the Gulf was from 3 to almost 20
times higher than it was in the open sea (Table
2). This observation could be explained by the
higher content of DOC in the coastal water
compared to those in the open sea as it could
be expected that during the rainy season there
was more intense discharge of organic matters
to the sea from inland. More detail explanation
for the influence of the DOC on the
mobilization of 2P0 in the aquatic
environment will be given in the following
discussion.

From Table Il one can see that the Kq(s)
of #%Po in the rainy season ranged from
1.9x10% to 2.3x10* (L kg?), i.e. it varied in
within an order depending upon the sampling
site. The highest Kgq(s) was found in the Thai
Binh site and the lowest was in the Van Don
site (Table 2). On the other hand, in the dry
season the Kq(s) ranged from 7x10° to
2.5x10°(L kg?) that was in an order higher
compared to those in the rainy season. High
value of Kgy(s) for 2%Po in the aquatic
environment reflects a fact that this isotope is
capable of fast adsorption by the TSM in the
water column and ultimately deposited into the
bottom. For comparison, the Kg(s) of ?°Po in
the estuarine environment of Mersing River in
Malaysia that discharges into the Thailand Gulf
was found to be ranging from 5x10* to 501x10°
L g' depending on the sampling sites and
seasons [24]. However, the authors of this
study applied another formula (not follow eq.1)

Ky () =Ag/A,,.[TSM] , where [TSM] is

the content of total suspended matters in
seawater samples, in gram. Unfortunately, in
that study the [TSM] was not shown. Supposed
the [TSM] in seawater of the Mersing River
estuary to be 0.5 g L%, i.e. in the range for
water in the Tonkin Gulf in the rainy season,
then the Kq(s) of #°Po for the Malaysian case
could be as high as from 10° to 5x10°(L kg?)
that are from 102 to 10* times higher compared
to the Kq(s) of 2%Po in the Tonkin Gulf. On the
other hand, IAEA recommended to use a Kq(s)
value of 2x10” (L kg?) for #°Po to simulate
geochemical processes in coastal regions [33]
with a note that this value was chosen to be
equal to the Kgy(s) of periodically adjacent
elements, but not yet determined

experimentally. The difference of szp(’(s)

found in the Tonkin Gulf from those in the
Thailand Gulf as well as the IAEA
recommended value could be explained only
due to the higher content of DOC in water in
the former place (see latter). It should be noted
that the study of 2°Ph and #°Po distribution
between water and suspended matters in the
estuarine environment with high TSM and
DOC content is still very scarce, and the Kg(s)
found experimentally spreads over a wide
range [24, 25].

In this study, the Kq(s) determined for
the rainy season was in an order lower than
that for the dry season (Table 2). This could be
explained by the reduction of the TSM content
in seawater during the dry season. Numerous
researchers [24, 25, 39-41] have also observed
the negative correlation between Kqy(s) of :°Po
as well as its grandparent ?°Pb and the content
of TSM in the open sea. They called this
phenomenon as “particle concentration effect,
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PCE”. The PCE could be understood if the
average 2%Po supply flux were constant over
the year, so high content of suspended matters
would dilute the concentration of the radio-
isotope in the solid phase leading to lowering
the Kq(s), according to the Eq.1.

It was well known that estuaries tend to be
very dynamic systems with a high degree of
temporal and spatial variability in factors such as
pH, salinity, DOC and turbidity which could
affect the Kq(s) value. High levels of DOC can
lead to relatively low lead (Pb) and plutonium

(Pu) Kqy(s) [42]. Particulate attached Pu may be
released upon contact with low pH river water
[43].

Fig 2 depicts the relationship between
Kq(s) of 2°%Po and DOC content and salinity in
the rainy season. Figure 3 presents the
relationship of Kqg(s) of 21%Po vs. DOC in the
dry season. The trend of 2°Po Kq(s) variation
with salinity in the dry season was very similar
to those in the rainy season that the Kqy(s)
positively correlated with salinity (R?=0.72,
Fig. 2), so this result was not shown in Fig. 3.

25,000 -
20,000 - i
|
o 15,000 A + } +
&
§5 10,000 A & P
— A
< 5,000 A *
~ . m g
0 5 10 15 20 25 30

DOC content (mg L) and Salinity (ppt) in seawater

Fig. 2. Relationship between Ky(s) of 2°Po and dissolved organic matter (DOC) content (black square points)
and salinity (green diamond points) in seawater in the rainy season (Oct-Nov, 2014)
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++

64,444[DOC] - 19,360
R?=0.35

o
ﬁ (5=

6 7
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Fig. 3. Relationship between Kgy(s) of 22°Po and DOC in the dry season (Mar-Apr, 2015)

The positive correlation between Kq(s)
of #%Po and salinity (Fig.2) indirectly reflects
the influence of pH on the behaviour of the
isotope in the marine environment. Salinity in

the coastal marine environment depends upon
the amount of fresh water discharged from
inland through rivers systems. Mixing of low
pH fresh water with seawater should tend the
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pH of brackish water to be lower compared to
those in pure seawater, and as a consequence
polonium attached on particulates could be re-
dissolved like the case of plutonium that was
observed by Hamilton-Taylor et al. [43].
Therefore, the lower salinity (more freshwater)
the lower Kq(s) of polonium would be expected
in the brackish water environment.

From Fig. 2 one can see that the higher
DOC contents the lower Kq(s). This could be
explained by a fact that ?°Po can form with
DOC complexes which maintain in seawater as
colloids not easily be separated by filtration.
So, the higher DOC contents the more ?°Po in

the colloidal component that made K:OP"(S) to

be lower, according to the Eg. (1) and the
relationship Kgy(s) vs. DOC was negative (Fig
2). The negative trend of Kg(s) vs. DOC was
also observed for other particle-reactive
isotopes like 2%Pb and 2%9*240py [24, 42].
However, in this study the negative
relationship between Ky(s) and DOC was true
only in the rainy season. In the dry season the
trend of Ky(s) vs. DOC relationship was
reverse (Fig. 3) although the correlation was
not so strong, R?=0.35 (Fig. 3). The trend of
positive correlation of Kqy(s) and DOC content

in seawater in the dry season could be
explained as follows.

In the dry season, there was no intense
discharge from inland that could make the
219po-DOC complexes-colloids to aggregate
themselves and settle to the bottom and from
there the colloidal aggregates do not much re-
suspend. So the concentration of ?*°Po in the
water phase became lower compared to that in
the rainy season. Additionally, in the dry
season due to no intense fresh water discharges
the pH in brackish water could be high enough
that facilitates more 2Po to attach on
particulates leading to the increase of Kq(S).

The question is that where does the 2°Po
in the water column in the coastal region derive
from, and how high the rate of its supply is?

It is generally thought that #°Pb/?%Po
enters a lake or sea via four major pathways:
atmospheric deposition, tributaries, catchment
runoff, and decay of the grand-grandparent
isotope, ?%Ra, within the system [17, 44].
Figure 4 depicted one-box model of
components and processes that was widely
employed in oceanographic studies with the
use of the disequilibria of the Z®U-natural
radioactive chain [45-47].

Atmospheric deposition

Tributaries, and
catchment run off

> Dissolved

Particulate

210 Pb —9 ziﬂPD

| R e ]

: l l Biological up-take
i

i

i

i

|

Dissolved !f;?

Particulate
210pp S 210pg ""'lﬂ

Hw“‘”"’a“iﬂepan-m% EH
e

, Settlin
Resuspension e

Fig. 4. Model components and processes employed in oceanographic studies with the use of the disequilibria
of the 2®U-natural radioactive chain. The outer box shows the boundary separating the system and its
environment. Solid arrows with solid ends represent fluxes between the system and the larger environment
(atmospheric flux and settling). Solid arrows with sketched ends represent internal processes within the
system. Arrows pointing from 2°Pb to 2'°Po and arrows pointing from 2°Po to space represent isotopic decay
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For lakes and oceans in different
geographical locations and with variable
hydrological conditions, the relative

importance of input sources may vary. The flux
input of 2°Pb and 2°Po from the atmospheric
deposition was studied either by direct
measurements, i.e. collection of wet and dry
deposition [48-50] or by estimation from soil
or sediment inventories [50-52]. For °Pb, a
compilation in 1990 gave an average rate for
direct deposition measurements of 1.02 dpm
cm? yr! and 0.91 dpm cm? yr! estimated
based on the inventories [52] (dpm means
disintegration per minute). From the eight
studies summarized by Kim et al.[53], the
average depositional flux of #°Pb in North
America within the period from 1977 to 1996
was (1.0 + 0.3) dpm cm? yrl. Xu et al. [54]
studied sedimentation rate in some islands of
the Xisha (Hoang Sa by Vietnamese)
archipelago and found that the 2°Pb fallout
flux in that area was of 126 Bq m?2 yr?! or
around 0.8 dpm cm2yr?, The #°Ph inventory
in 8 sediment cores taken from the Ha Long
Bay during 2011-2012 [55] showed the flux of
210Ph deposition in that area to be very close
(0.85 dpm cm? yr?) to those value found by
the Chinese team for Sisha.

The magnitude of in-situ production of
210pp (decay of 2%°Ra associated with sediment)
can be estimated from sediment profiles
through a comparison of supported and
unsupported #°Pb. Among the nine cores in
depositional areas presented by Klump et al.
[56], the ratio of unsupported to supported
210pp in surface sediments ranged from 5 to 91.
Similarly, Evans et al. [57] studied
sedimentation rates and depositional processes
in the Lake Superior (North America) and
found that supported and unsupported 2°Pb
activities were 1.5-3.0 dpm g* and 11-216
dpm g? respectively, or ratios of excess to
supported 2%Pb to vary from 7 to 70. On
average, supported #°Pb was only 3% of
unsupported #°Pb in the surface sediments as
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estimated from the results of the two studies.
Results of the Nguyen Quang Long et al. [55]
study on the sedimentation rate for the Ha
Long Bay also showed the contribution of
supported to excess 2°Pb in the surface
sediment to be within 2-3%. Clearly, ??°Ra in
sediment originated from stream and
catchment runoff containing soils  not
developed on granite rock base like those in the
Red River’s Delta, is not a significant source of
219ph relative to the atmospheric deposition;
even the oceanic ?Ra concentration (1.63 Bq
m3) would result in a generation of only
6.3x10* dpm cm2 yr! of 2%Pb [58].

It is more difficult to evaluate the
relative importance of all potential sources of
2%Pg in the marine environment. It was
observed that the general ratio of Po:Pb in
atmospheric deposition is <0.5 in the northern
zone of Canada [48]. Balistrieri et al. [58]
observed a 2%Po: 21%Ph atmospheric flux ratio
of 0.11+0.09 in locations along the west coast
of North America. A recent study reported a
ratio of 0.1 for aerosols in the Chicago area
[60]. Measured 2°Po:2%Ph activity ratios in
size-fractionated aerosols from the coast of
Japan had a mean value of 0.21 + 0.13 [61].
However, fallout?°Po:2Ph ratio of 0.1 is
commonly used for the oceanographic studies
nowadays.

From the fallout ?°Pb activity of 126
dpm m2 yr? estimated for the Bien Dong area
[53, 54], a generation of 50.4 dpm m2 yr? for
2Ppg  can be calculated assumed the
equilibrium coefficient between 22°Ph and ?'°Po
in aquatic environment to be 0.4 [23]. This
implies that, in Tonkin Gulf the major source
of 22%Po in sediment would be in-situ decay of
21%Ph but not from the direct atmospheric
deposition. The suggestion was proven by the
measurement of Nozaki et al. [62] for the
Yellow Sea and East China Sea. The authors of
this study have found that the direct deposition
of 2%Po from the atmosphere was as low as
0.01 dpm m2yrt,
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Other sources of 2%Po viz. from
tributaries discharging particulates containing
226Ra associated with phosphorus fertilizer and
from sediments containing ashes released from
the coal burning are not as well documented as
for 2°Ph. However, as it was mentioned
previously that the contribution of supported
219p into the total 2'°Ph activity concentration in
sediment of the Tonkin Gulf was 2-3% [55] so it
was obvious a fact that the portion of 2%Po
produced from the in-situ decay of supported
219pp was much smaller compared to the portion
of 2%0 originated from the decay of
unsupported 2%Pb. This means that sediment
from tributaries and from runoff containing
ashes of coal burning were the minor sources of
219Pg in the Tonkin Gulf. Therefore, the major
source of 2% to the Tonkin Gulf was in-situ
production from decay of 2%Pb which was
mainly derived from the atmospheric fallout.

IV. CONCLUSIONS

Results of this study confirmed that in
the aquatic environment 2Po is mostly
attached onto particulates and then deposited to
the bottom. The mobilization of #°Po in the
aquatic environment is much affected by pH
and DOC content in water. The water-
particulate/sediment distribution coefficient
Kq(s) of 2%o in the environment of the Tonkin
Gulf was found to be lower than that of the
Thailand Gulf as well as that recommended by
IAEA for the open sea and this was explained
due to the higher DOC content in water of the
former location. The most important source of
210Po in the aquatic environment in the study
area is suggested to be in-situ production from
its grand-parent 2*°Pb that mainly derived from
the atmospheric fall out.

ACKNOWLEDGEMENT

Financial support from the National
Research  Program  encoded KC.05/11-
15:”Application and Development of Energy
Technology” of the Ministry of Science and

11

Technology is appreciated. The authors wish to
express their thankful to the two reviewers for
their patient of reading and making useful
comments to improve the manuscript of the

paper.

REFERENCES
[1] R.D. Cherry, L.V. Shannon, “The alpha
radioactivity of marine organisms”, At.

Energy Rev., 12, 3-45, 1974,

[2] F.P. Carvalho, “?*°Po in marine organisms: a
wide range of natural radiation dose domains”.
Radiat. Protect Dosim., 24, 113-117, 1988.

[3] G.M. Stewart, S.W. Fowler, and N.S. Fisher,
“The bioaccumulation of U-Th series
radionuclides in marine organisms”. In: S.
Krishnaswami and J.K. Cochran (Eds.), “U-Th
Series Nuclides in Aquatic Systems”. Elsevier,
Amsterdam,pp. 269-305, 2008.

[4] P. Germain, G. Leclerc, S. Simon, “Transfer of
polonium-210 into Mytilus edulis (L.)
andFucus vesiculosus (L.) from the baie de
Seine (Channel coast of France)”, Sci. Total
Environ., 164, 109-123, 1995.

[5] P. McDonald, M.S.Baxter, E.M. Scott,
Technological enhancement of natural
radionuclides in the marine environment, J.
Environ.Radioact., 32, 67-90, 1996.

[6] G. Kim, Y.-L. Hong, J. Jang, |. Lee, D.W.
Hwang, H.-S. Yang, “Evidence for
anthropogenic?°Po in the urban atmosphere of
Seoul, Korea”, Environ. Sci.Technol., 39,
1519-1522, 2005.

[7] 1. Othman Al-Masri, “Impact of phosphate
industry on the environment: a case study”.
Appl. Radiat. Isotopes, 65, 131-141, 2007.

[8] R.D. Cherry, M. Heyraud, “Polonium-210 in
selected categories of marine organisms:
interpretation of the data on the basis of an
unstructured marine food web model”. In: J.C.
Guary, P. Guegueniat, R.J. Pentreath
(Eds.),“Radionuclides: a Tool for
Oceanography™. Elsevier Applied Science Ltd,
London, pp. 362-372, 1988.



WATER-SEDIMENT DISTRIBUTION AND BEHAVIOUR OF POLONIUM (?*°Po) ...

[9] R.D. Cherry, M. Heyraud, “Polonium-210 and
lead-210 in marine organisms: allometric
relationships and their significance”. In: P.J.
Kershaw andD.S. Woodhead
(Eds.),“Radionuclides in the Study of Marine
Processes”. Elsevier Applied Science Ltd,
London, pp. 309-318, 1991.

G.D. Ritchie, G.B. Shimmield, “The use of
210po/219pp disequilibria in the study of the fate
of marine particulate matter”. In: P.J. Kershaw
and D.S. Woodhead (Eds.), ”Radionuclides in
the Study of Marine Processes”, Elsevier
Applied Science Ltd, London, pp. 142-153,
1991.

[10]

[11] G.M. Stewart, J.K. Cochran, J. Xue, C. Lee, S.
Wakeham, R.A. Armstrong, P. Masque, J.C.
Miquel, “Exploring the connection between
Po-210 and organic matter in the northwest
Mediterranean”, Deep-Sea Res., 54, 415-427,
2007.

[12] G.M. Stewart, J.K. Cochran, J.C. Miquel, P.
Masque, J., Szlosek, A.M. Rodriguez y Baena,
S.W. Fowler, B. Gasser, D.J. Hirschberg,
“Comparing POC export from 23*Th/?38U and
210po/210pp disequilibria with estimates from
sediment traps in the northwest Mediterranean,

Deep-Sea Res., 54, 1549-1570, 2007.

[13] G.M. Stewart, S.B. Moran, M.W. Lomas,
“Seasonal POC fluxes at BATS estimated
from 2°Po deficits”, Deep-Sea Res., 57, 113-
124, 2010.

[14] E. Verdeny, P. Masque, J. Garcia-Orellana, C.
Hanfland, J.K. Cochran, G.M. Stewart, “POC
export from ocean surface waters by means of
Z4Th/?8Uand  2%Po/?%Pb  disequilibria:  a
review of the use of two radiotracer pairs”,
Deep-Sea Res., 56, 1502-1518, 2009.

C.L. Wei, S.Y. Lin, D. D.-D. Sheu, W.C.
Chou, M.C. Yi, P. H. Santschi and
L.S.Wen,“Particle-reactive radionuclides
(®4Th, 2©pb, 2%pg) as tracers for the
estimation of export production in the South
China Sea”,Biogeosciences 8, 3793-3808,
2011.

[15]

[16] M.P. Bacon, D.W. Spencer, P.G. Brewer,
«210pp/225Ra and 2°Po/?°Pb disequilibria in

12

seawater and suspended particulate matter”,
Earth Planet. Sci. Lett., 32, 227-296, 1976.

[17] J. Z. Du, J. Zhang, and M. Baskaran,
“Application of short-live radionuclides ("Be,
210pp, 210pg, 137Cs, and #4Th) to trace the
sources, transport pathways and deposition
particles/sediment in rivers, estuaries and
coasts”. In: M. Baskaran (Ed.), “Handbook of
environmental isotopes geochemistry
(Advances in isotope  geochemistry)”,
Springer, Hidelberg, 2011.

[18] J.M. Smoak, D.J. DeMaster, S.A. Kuehl, R. H.
Pope, B.A.McKee, “The behavior of particle-

reactive tracers in a high turbidity
environment: 2**Th and #°Pb on the Amazon
continental shelf”, Geochim.et

Cosmochim.Acta, 60(12), 2123-2137, 1996.

[19] S. Tsunogai, Y. Nozaki, ”Lead-210 and
polonium-210 in the surface water of the
Pacific”, Geochem J., 5(4), 165-73, 1971.

[20] Y. Nozaki, Z. Jing, A. Takeda, “*°Pb and #°Po
in the equatorial Pacific and the Bering Sea:
the effects of biological productivity and
boundary scavenging”, Deep-Sea Res., 44(9),
2203-2220, 1997.

[21] G. Benoit, S. D., Oktay-Marshall, A. Cantu,
“Partitioning of Cu, Pb, Ag, Zn, Fe, Al and
Mn between filter-retained particles, colloids,
and solution in six Texas estuaries”,Marine

Chem.,45,307-336, 1994.

[22] J. L. Guentzel, R. T. Powell, W. M. Landing
andR. P. Mason, “Mercury associated with
colloidal material in an estuarine and open
ocean”,Marine Chem., 55,177-188, 1996.

[23] S.W. Fowler, “?1%Pg in the marine environment
with emphasis on its behaviour within the
biosphere”, J. Environ.Radioact., 102, 448-
461, 2011.

[24] N. A. B. Saili and C. A. R.Mohamed,
“Behavior of ?°%Po and 2'°Pb in shallow water
region of Mersing estuary, Johor, Malaysia”,
Environment Asia 7(2), 7-18, 2014.

[25] T.L. Theng, C.A.R. Mohamed, “Activities of
210pg and 2%Pb in the water column at Kuala



DANG DUC NHAN et al.

Selangor, Malaysia”. J.of Environ. Radioact.,
80(3), 273-86, 2005.

[26] www.Marintime-Database.com. Retrieved on
Feb. 20, 2016

[27] Yolanda Fong-Sam, “The Mineral Industry of
Vietnam", U.S. Geological Survey, U.S.
Department of the Interior, June 2011, p. 9

[28] Luu Thi Nguyet Minh, Garnier J., Billen G.,
Orange D., Némery J., Le Thi Phuong Quynh,
Tran Hong Thai, Le Lan Anh, “Hydrological
regime and water budget of the Red River
Delta (Northern Vietnam)”, J. Asian Earth
Sci., 37, 219-228, 2010.

[29] MONRE, Vietnamese Ministry of Natural
Resources and Environment,“Annual Report
on Hydrological Observation in Vietnam for
the 1996-2006 time period”, in Vietnamese,
Hanoi, 2007.

[30] http://data.worldbank.org/
indicator/AG.CON.FERT.ZS. Retrieved on

Feb 20, 2016

[31] ISO 5667-19: 2004: Sampling procedure for
the marine environment studies

[32] Dang Duc Nhan, Ngo Quang Huy, Nguyen
Hao Quang (Eds.), “Radioactivity
measurements applied in the environmental
studies”. Publisher of Science and Technique,

Hanoi, 284 pp. (in Vietnamese), 2014.

[33] IAEA, International Atomic Energy Agency,
“Sediment  distribution  coefficients and
concentration factors for biota in the marine
environment”.  Technical Report series

No.422, IAEA, Vienna, 95 pp, 2004.

[34] E. I. Hamilton, “Radionuclides and Large
Particles in Estuarine Sediments”,Marine Poll.
Bull., 20(12), 603-607, 1989.

[35] M. Baskaran, P. H. Santcshi, “The role of
particles and colloids in the transport of
radionuclides in coastal environments of
Texas”, Marine Chem., 43, 95-114, 1993.

[36] Chai Yingtao and N. R. Urban,“?*Pg and ?*°Pb
distributions and residence times in the
nearshore region of Lake Superior”, J.

13

Geophys. Res., 109 (2004), C10S07, doi:
10.1029/2003JC002081.

[37] Pham Van Ninh, “Current status of the
Environment in Vietham”. A report to the
MONRE, Hanoi, in Vietnamese, (2003).

[38] Y.Chung, T. Wu, “Large 2*°Po deficiency in
the northern South China sea”, Cont. Shelf
Res. 25, 1209-1224, 2005.

[39] M.P. Bacon, R.A. Belastock, M. Tecotzky,
K.K. Turekian, D.W. Spencer, “Lead-210 and
polonium-210 in ocean water profiles of the
continental shelf and slope south of New
England”, Contin.Shelf Res., 8(5-7), 841-53,
1988.

[40] P.H. Santschi, Y.H. Li, J. Bell, “Natural
radionuclides in the water of Narragansett
Bay”. Earth and Planet Sci. Lett., 45(1), 201-
213, 1979.

[41] Y. Kim, H.S. Yang, “Scavenging of ?4Th and
210pg in surface water of Jinhae Bay, Korea
during a red tide”, Geochem.J., 38, 505-513,
2004.

[42] M. Baskaran, M. Ravichandran, T.S. Bianchi,
“Cycling of "Be and ?*Pb in a high DOC,
shallow, turbid estuary of south-east Texas”,
Estuar. Coastal Shelf Sci.,45, 165-173, 1997.

[43] J. Hamilton-Taylor, M. Kelly, S. Mudge, K.
Bradshaw, “Rapid remobilisation of plutonium
from estuarine sediments”, J.

Environ.Radioact.,5, 409-415, 1987.

[44] S. Krishnaswami, and D. Lal, “Radionuclide
limnochronology”. In A Lerman
(Ed.),“Lakes: Chemistry, Geology, Physics”,
Springer-Verlag, New York, pp. 153-178,

1978.

[45] R. C. Aller, L. K. Benninger, and J. K.
Cochran, “Tracking particle associated
processes in near shore environments by use
of 2%Th/Z8U disequilibrium”, Earth Planet.
Sci. Lett., 47, 161 175, 1980.

[46] S. G. Bhat, S. Krishnaswamy, D. Lal, D.
Rama, W. S. Moore, “Z*Th/2%8U ratios in the
ocean”, Earth Planet. Sci. Lett., 5, 483— 491,

19609.


http://www.marintime-database.com/
http://minerals.usgs.gov/minerals/pubs/country/2009/myb3-2009-vn.pdf
http://minerals.usgs.gov/minerals/pubs/country/2009/myb3-2009-vn.pdf
http://data.worldbank.org/

WATER-SEDIMENT DISTRIBUTION AND BEHAVIOUR OF POLONIUM (?*°Po) ...

[47] O. Gustafson, P. Gschwend, K. O. Buesseler,
“Settling removal rates of PCBs into the
northwestern Atlantic derived from 23U-2%Th
disequilibria”, Environ. Sci. Technol., 31,
3544-3550, 1997.

[48] G. J. Brunskill, and P. Wilkinson, ”Annual
supply of 238U, 234y, 230Th, 2%6Rga, 219pp, 210pg
and #2Th to Lake 239 (Experimental Lakes
Area, Ontario) from terrestrial and
atmospheric sources”, Can. J. Fish.Aquat.Sci.,

44(Suppl. 1), 215- 230, 1987.

G. Kim, N. Hussain, J. R. Scudlark, T. M.
Church, “Excess 2%Po in the coastal
atmosphere”, Tellus, Ser. B, 52, 74— 80, 2000.

[49]

[50] C. R. Olsen, I. L. Larsen, P. D. Lowry, N. H.
Cutshall, J. F. Todd, G. T. F. Wong, W. H.
Casey, “Atmospheric fluxes and marsh-soil
inventories of "Be and 2Pb”, J. Geophys.
Res., 90(20), 10,487-10,495, 1985.

[51] E. R. Christensen, and P. K. Bhunia,
“Modeling  radiotracers in  sediments:
Comparison with observations in Lake Huron
and Michigan”, J. Geophys. Res., 91(C7),
85599571, 1986.

[52] N. R. Urban, S. J. Eisenreich, D. F. Grigal, K.
T. Schurz, “Mobility and diagenesis of Pb and
210pp in peat”, Geochim.Cosmochim.Acta, 54,
3329- 3346, 1990.

[53] G. Kim, N. Hussain, J. R. Scudlark, T. M.
Church, “Factors influencing the atmospheric
depositional fluxes of stable Pb, 2*°Pb, and "Be
into Chesapeake Bay”, J. Atmos. Chem.,
36(1), 65— 79, 2000.

[54] L.Q. Xu, X.D. Liu, L.G. Sun, H. Yana, Y. Liu,
Y.H. Luo, J. Huang, Y.H. Wang, “Distribution
of radionuclides in the guano sediments of
Xisha lIslands, South China Sea and its
implication”. J. Environ. Radioact., 101, 262-
368, 2010.

[55] Nguyen Quang Long, Pham Ngoc Kbhai,
Nguyen Trung Thanh, Nguyen Van Phuc,
Duong Van Thang, Doan Thuy Hau, Ha Lan
Anh, Vo Thi Anh, Nguyen Thi Thu Ha, ”A
survey of pollution in sediment in the Ha Long
Bay using nuclear techniques”. Final Report to
the Ministry of Science and Technologies for a

14

Research Program of Ministerial Level, 84 p.
(in Vietnamese), Ha Noi, June 2013.

[56] J. V. Klump, , R. Paddock, C. C. Remsen, S.
Fitzgerald, M. Boras, and P. Anderson,
“Variations in sediment accumulation rates
and the flux of labile organic matter in eastern
Lake Superior basins”, J. Great Lakes Res.,
15, 104- 122, 1989.

[57] J. E. Evans, T. C. Johnson, E. C. J. Alexander,

R. S. Lively, and S. J.Eisenreich,
“Sedimentation rates and  depositional
processes in Lake Superior from ?2°Ph

geochronology”, J. Great Lakes Res., 7(3),
299- 310, 1981.

[58] G. A. Peck and J. D. Smith, “Distribution of
dissolved and particulate ??°Ra, ?'°Pb and 2'°Po
in the Bismarck Sea and western equatorial
Pacific Ocean”, Mar. Freshwater Res., 51,
647- 658, 2000.

[59] L. S. Balistrieri, J. W. Murray, B. Paul, “The
geochemical cycling of stable Pb, 2*°Pb, and
210pg in seasonally anoxic Lake Sammamish,
USA”. Geochim.Cosmochim.Acta, 59, 4845-
4861, 1995.

[60] N. A. Marley, J. S. Gaffney, P. J. Drayton, M.
M. Cunningham, K. A. Orlandini, R. Paode,
“Measurement of 21%Pb, 21%Pg, and ?Bi in
size-fractionated atmospheric aerosols, an
estimate of fine-aerosol residence times”,
Aerosol Sci. Technol., 32, 569— 583, 2000.

[61] T. Suzuki, K. Yamada, K. Ohta, Y. Maruyama,
N. Nakayama, “Measurement of the
210po/210pp activity ratio in size fractionated
aerosols from the coast of the Japan Sea”,
Atmos. Environ., 33(14), 2285 2288, 1999.

[62] Y. Nozaki, H. Tsubota, V. Kasemsupaya, M.
Yashima, N. lkuta, “Residence times of
surface water and particle-reactive 2°Pb and
20pg in the East China and Yellow Seas”,
Geochim.Cosmochim.Acta, 55, 1265-127,
1991.



