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HIGHLIGHTS

o Very high 226Ra, 238U, 4 K, and 232Th (*?%Ra) activity concentrations in Vietnam.
e The radionuclides concentrations show a large variation ratios.

o The difference radioactive concentration between ore bodies and surrounding.
o Strong positive correlation between 232Th activity and total absorbed dose rate.
o The radiological hazard indices far exceed the global average values.
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226Ra, 238, 4 K, and 232Th (?*8Ra) activity concentrations of 61 soil samples distributed surrounding the
rare earth element mine (NORM), MH, Lao Cai, Vietham have been measured by HPGe detector. The
activity concentrations of 2?°Ra, 238U, 4 K, and 23Th (*?Ra) range from 1179 to 6291 Bq/kg, from 1024 to
8351 Bq/kg, from 260 to 3519 Bq/kg, and from 1476 to 35546 Bq/kg in the ore body and from 21.3 to 964
Bq/kg, from 23.4 to 1635 Bq/kg, from 124 to 3788 Bq/kg, and from 40.9 to 6107 Bq/kg outside the ore
body in respective. The study area is considered as the high local natural background radiation with the
concentration of 226Ra, 238y, 4 K, and 232Th (228Ra) of 156, 254, 647, and 908 Bq/kg in respective.
Regarding the spatial distribution, the measured radionuclide concentrations are independent of the
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distance from measured points to the ore body. With regard to the hazard indices, the average calculated
radiological hazard indices, including absorbed gamma dose rate, effective dose equivalent, and excess
lifetime cancer risk significantly exceed the global average values. There is a disequilibrium between
238y/225Ra concentrations in studied soil samples. The results also found that the 232Th (*?®Ra) con-
centration and total absorbed gamma dose rate show a strong positive correlation (coefficient of
determination, R? = 1).
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1. Introduction

Natural radionuclides account for about 80% of the human
effective dose per year (IAEA, 1996). Naturally occurring radionu-
clides are present in many natural resources (the acronym NORM)
which was defined for all naturally occurring radioactive materials
where human activities have increased the potential for exposure
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in comparison with the unaltered situation (IAEA, 2003). Therein,
the natural radionuclides in the soils, such as 226Ra, 238U, 4 K, and
232Th (its progenies) significantly contribute to the outdoor
terrestrial natural radiation (UNSCEAR, 2008; Bangotra et al., 2018;
El-Taher et al., 2018; Kovacs et al., 2013; Nguyen et al., 2016; Nguyet
et al., 2018). The radionuclides in soil can be transferred to the plant
and accumulated in the human body through edible plants (Al-
Masri et al., 2008; Karunakara et al., 2013; Asaduzzaman et al,,
2014; Khandaker et al., 2016; Tuo et al., 2017; Azeez et al., 2019;
Cengiz, 2019; Ibikunle et al., 2019). Thus, the measurement of
natural radionuclides in rock, soil and assessment of radiation
hazards have received much attention in the literature, especially in
and surrounding the high level of radiation areas (Sengupta et al.,
2005; War et al.,, 2008; Mehra and Singh, 2011; Ramasamy et al.,
2013; Charro et al., 2013; Duggal et al., 2014; Stajic et al., 2016;
Gbadamosi et al., 2018; Liu and Lin, 2018; Shohda et al., 2018; Thu
et al., 2019; Ba et al., 2019; Belyaeva et al., 2019; Birami et al., 2019;
Dentoni et al., 2020; Zhu and Shaw, 2000; Van et al., 2020). In
general, the distribution of natural radionuclides in soil depends on
the characteristics of parent rock and soil (weathering products
from parent rock) and it varies from one site to another. Therefore,
the concentration of natural radionuclides in a local area should be
measured and it is necessary for assessment of human exposure.

In Vietnam, there are distributed some rare earth element (REE)
mines, especially in northern Vietnam (Le et al., 2015; Nguyen et al.,
2017; Van et al., 2020). In which, MH is one of the largest REE mines
in Vietnam, which is located in Bat Xat, the northern province of
Lao Cai, Vietnam. This REE mine has an area of about 26.84 km? and
a total probable reserve of 400.000 tons (Moody, 2013). The MH
REE mine includes 9 ore bodies distributed in cohesionless sedi-
ments of sand, gravel, and clay with the age of Neogene - Quater-
nary. The rare earth ore mineral composition in MH mine mainly
consists of sustainable heavy minerals in exogenous conditions
which is typical for the types of placer ores, including monazite,
thorium, oxinite, bastnezite, checchite, smacskite, quartz, man-
hetite, ilmenite, inmenorutin, zircon, octit, sphen, barite. The con-
tent of total rare earth element oxides (TR,03) in mine ranges from
0.78 + 3.02% with an average of 1.45%, thorium from 0.111 + 0.188%
with an average of 0.157%, uranium from 0.012 + 0.028% with an
average of 0.016% (http://dcxh.gov.vn/tin-tuc-tiem-nang-tai-
nguyen-va-phan-vung-trien-vong-quang-dat-hiem-o-tay-bac-
viet-nam). In the geological point of view, the MH REE mine is
located in the north part of the Fanxipan zone which dominated by
Proterozoic rocks is a fragment of the Yangtze Platform in south
China (Leloup et al., 1995). The mine is placed within the Red River
metamorphic belt which is the southeastern part of the ASRR tec-
tonic element in Northwest Vietnam (Tapponnier et al., 1990). Red
River metamorphic belt zone had been variously dated between
2360 and 1960 Ma (Tran, 2001), early 575-430 Ma, 263 to 240 Ma,
later stage 40 to 22 Ma, the left lateral movement of the Red River
shear zone continued after 19—17 Ma, and a rest phase continued
from 12 to 5 (Trinh et al., 2012; Thao et al., 2017; Findlay, 2018;
Zelazniewicz et al., 2013; Leloup et al.,, 1995; Huong et al., 2020). In
the northeastern part of the mine, the DNCV metamorphic complex
is situated and in the southwestern of the Da River belt (Lien and
Pho, 2018). In the tectonic plan, Red River zones present active
displacements in Quaternary and continue up to present (Liem
et al, 2016; Thanh et al,, 2018). This mine was recently reported
to have a high radioactive background by unpublished data from
the Radioactive & Rare Minerals Division. Therefore, in this study,
the natural radionuclides in soil (*°Ra, 238U, 22%Ra (*?®Th), and 4 K)
surrounding this mine will be investigated. Besides, the dose and
calculated radiological hazard indices estimation are also assessed
based on the measured radiation concentration.
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2. Materials and methods
2.1. Materials

In the spring of 2019 (March), sixty-one soil samples from
different points surrounding MH mine were taken at the depth of
about 10—30 cm from the surface. These sampling points were
located on three routes (from route 1 to 3) (Fig. 1). Routes 1, 2, and 3
include 21, 21, and 19 sampling points in respective. A kilogram of
each soil sample was collected for this study. The soil samples were
then removed from the stone, tree root, and then were put into
plastic bags. The soil samples were dried at 120 °C to a constant
weight. The dried soil samples also were then milled into powder
and similar size with standard samples. The powder was weighed
and hermetically packed in plastic cylindrical boxes with 121.2 cm®
cylindrical geometries with a diameter of 70 mm, a height of
31.5 mm and covered with a plastic lid (without gap inside), to
prevent radon escape from the sample the lid-vessel connection is
sealed with a gas-proof butyl compound. The sample was sealed for
30 days to reach a secular equilibrium between the radium and its
daughter radionuclides. Besides, the study samples were stored
more than eight months before starting for those procedures which
required the equilibrium between 233U and 2*4Th in the 233U decay
chain.

2.2. Methods

The samples were taken to equilibrium status and activity
concentration measurements were performed using a high-
resolution detector HPGe with a low background of Ortec™. The
analysis was performed using Gamma Vision software. The detec-
tor energy resolution is 1.9 keV at the 1.33 MeV %°Co gamma-ray
peak. To reduce the radiation inside the lead shield, the detector
is shielded by a 10-cm thick old-lead cylinder with a 1T mm cad-
mium and 1 mm copper inner lining. The soil samples were
counted for two days to minimize the statistical counting error and
activity calculation and calibration were carried out based on
standard reference materials (reference materials RG produced by
IAEA and IAEA-375).

The activity concentration of each sample was determined
based on its respective gamma lines. The gamma lines of 609.3 keV,
1120.3 keV, and 1764.5 keV were used to determine the activity
concentration of 226Ra, the gamma line of 1460 keV was used for
4K, and 1001 keV was used for 233U (which was verified by 2*°U
measurement with 186 keV line) while the lines of 911.2 keV,
969.0 keV, 2614.5 keV, 583.0 keV were used for 23°Th (**®Ra) (there
is equilibrium between 2*®Ra and 2%8Tl, and the equilibrium be-
tween 232Th and %?®Ra as the assumption and the really measured
radionuclide is 2?Ra). The 23?Th was mentioned and measured
with the assumption of equilibrium between 232Th and 2?®Ra
(*8Th) in soil samples (UNSCEAR, 2000; Chiozzi et al., 2002;
Atwood, 2013; Khandeker et al., 2016; Stajic et al., 2016; Gbadamosi
et al, 2018; Adesiji and Ademola, 2019; Van Hao et al., 2019;
Kapanadze et al., 2019; Devi and Chauhan, 2020; Hung and Le,
2020).

The self-gamma absorption resulted from the difference in
density of the solid samples and standard ones were introduced
following the method described by (Jodlowski, 2006). The activity
concentrations of 226Ra, 238U, 232Th (*?%Ra), and # K are calculated
based on the following formula (Jodlowski and Kalita, 2010) (1)

Asgp =—B =05 (1)

Where: Asp and Ag are activity concentration of studied and
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Fig. 1. The sampling points in MH.

standard samples; Nsp, Msp, and Ng¢, M are the net measured in-
tensity and mass of the sample and standard sample respectively, G

- the correction factor for the differences between the densities of

the samples and the standard sample.

The Minimum Detection Limit (MDA) of the gamma-ray system
is based on the equation taken from (Currie, 1968; Helmer and

Debertin, 1988).

MDA (Bq / kg) =

2,71 +4,65,/Np
txexlyxM

(2)

Where: Np: is the background counts; t: is the time of measurement
(s); e: is the absolute efficiency of the detector (%); Iv: is the gamma

emission probability; M: is the mass of the sample (kg).

Table 1

Activity concentration of natural radionuclides in soil samples in the ore body.
Sample Nos. X Y Location 226Ra (Bq/kg) 238y (Bq/kg) 4K (Bg/kg) 232Th (?28Ra) (Bq/kg)
1 367316 2490438 Ore body 1405 1503 1742 4555
2 367343 2490464 Ore body 3450 6450 644 16179
3 367347 2490403 Ore body 1515 2165 723 2012
4 367324 2490382 Ore body 1325 1024 260 35471
22 367423 2490112 Ore body 1179 1741 900 3640
23 367432 2490059 Ore body 1360 1861 1335 1476
24 367460 2490026 Ore body 1325 1024 260 35471
43 367498 2489433 Ore body 6291 8043 2973 35546
44 367616 2489438 Ore body 3812 8351 3519 11011
45 367674 2489503 Ore body 4626 4110 2172 23851
46 367738 2489531 Ore body 2373 2229 1833 21455
Minimum 1179 1024 260 1476
Maximum 6291 8351 3519 35546
Average 2606 3500 1487 17334
Median 1515 2165 1335 16179
Standard Deviation (SD) 1714 2805 1080 13883
Standard Error (SE) 219 359 138 1778
Skewness 1.2 1.0 0.7 0.3
Kurtosis 0.5 -0.7 -0.4 -1.6




N.T. Duong, D. Van Hao, V.L. Bui et al.

2.2.1. Absorbed gamma dose rate

The gamma dose rate, D, is used to evaluate the exposure and
absorption of radiation to the human body at 1 m above the ground
containing naturally occurring radionuclides. The dose rate, D, has
been evaluated using the conversion factors (absorbed dose rate in
the air per unit activity

Per unit of soil mass, (Nano Gray per hour) nGy h~! per Bq kg™ 1):
it equals to 0.46 nGy h™'/Bq kg~! for 2?°Ra, 0.62 nGy h~'/Bq kg

for 232Th (?*®Ra) and 0.042 nGy h~'/Bq kg~ for 4 K. Thus, it can be

expressed as follows (UNSCEAR, 2000):

D(nGy.h”) = 0.46Apq + 0.62A7;, + 0.042A¢

2.2.2. Annual effective dose equivalent (AEDE)

Chemosphere xXx (XXXX) XxX

3)

where, Aga, A, and Ak are activity concentration (Bq/kg) of 2%°Ra,
232Th (?*®Ra), and * K respectively.

The outdoor annual effective dose equivalent (AEDE) was
calculated as the following equation:

Table 2
Activity concentration of natural radionuclides in soil samples outside the ore body.

Sample Nos. X Y Location Distance to the ore body (m)  22°Ra (Bq/kg)  23%U (Bq/kg)  “K(Bq/kg)  232Th (**®Ra) (Bq/kg)
5 366933 2490206 Close ore body —480 (L1) 141 149 2526 192
6 366932 2490268 Close ore body —450 (L1) 281 288 1776 441
7 367026 2490259 Close ore body -310 (L1) 293 425 426 454
8 367089 2490341 Close ore body —240 (L1) 364 469 1013 871
9 367099 2490283 Close ore body —220 (L1) 82.1 95.3 510 286
10 367162 2490341 Close ore body —-170 (L1) 343 444 507 819
11 367215 2490372 Close ore body —-110 (L1) 37.0 35.9 384 50.7
12 367255 2490339 Close ore body —70.0 (L1) 701 933 582 1191
13 367270 2490405 Close ore body —50.0 (L1) 43.7 41.3 610 82.0
14 367381 2490422 Close ore body 40.0 (R1) 194 202 766 1052
15 367427 2490478 Close ore body 120 (R1) 140 140 260 407
16 367465 2490430 Close ore body 90.0 (R1) 303 40.3 341 121
17 367524 2490511 Close ore body 200 (R1) 103 98.0 507 222
18 367576 2490500 Close ore body 250 (R1) 179 190 670 1181
19 367594 2490566 Close ore body 350 (R1) 105 108 435 334
20 367647 2490523 Close ore body 290 (R1) 264 281 233 555
21 367667 2490595 Close ore body 450 (R1) 80.0 83.0 840 160
25 366983 2489929 Close ore body —490 (L2) 413 353 1585 2685
26 367023 2489882 Close ore body —420 (L2) 47.2 47.6 133 47.2
27 367053 2489958 Close ore body —400 (L2) 98.3 92.8 848 160
28 367111 2489930 Close ore body —300 (L2) 171 292 434 212
29 367126 2489980 Close ore body —330 (L2) 240 427 518 361
30 367227 2489980 Close ore body —180 (L2) 166 282 2542 144
31 367310 2490027 Close ore body —110 (L2) 340 440 1547 240
32 367377 2490062 Close ore body —20.0 (L2) 964 1635 1692 4503
33 367451 2490084 Close ore body 10.0 (R2) 122 143 3391 204
34 367466 2490067 Close ore body 20.0 (R2) 162 174 2166 257
35 367530 2490107 Close ore body 90.0 (R2) 71.8 65.7 179 51.9
36 367512 2490137 Close ore body 120 (R2) 234 234 540 151
37 367576 2490180 Close ore body 180 (R2) 25.8 27.8 565 187
38 367625 2490120 Close ore body 140 (R2) 25.0 24.8 562 212
39 367664 2490213 Close ore body 280 (R2) 68.9 66.9 985 159
40 367700 2490165 Close ore body 230 (R2) 81.8 85.0 806 191
41 367728 2490260 Close ore body 420 (R2) 64.9 68.0 946 157
42 367799 2490212 Close ore body 320 (R2) 384 53.7 451 104
47 367447 2489393 Close ore body —30.0 (L3) 344 49.5 722 128
48 367503 2489359 Close ore body —15.0 (L3) 55.8 63.0 358 207
49 367589 2489386 Close ore body —20.0 (L3) 285 290 3788 1065
50 367711 2489416 Close ore body —25.0 (L3) 167 270 1272 295
51 367774 2489467 Close ore body —60.0 (L3) 591 779 258 1300
52 367801 2489563 Close ore body 10.0 (R3) 704 793 643 6107
53 367847 2489588 Close ore body 70.0 (R3) 51.7 33.9 301 90.2
54 367840 2489538 Close ore body 50.0 (R3) 74.8 73.8 240 159
55 367907 2489553 Close ore body 110 (R3) 87.7 92.8 532 547
56 367927 2489626 Close ore body 140 (R3) 55.0 55.2 146 83.9
57 367963 2489571 Close ore body 190 (R3) 65.3 49.6 124 889
58 368046 2489611 Close ore body 210 (R3) 54.5 47.8 148 88.7
59 367551 2489455 Close ore body 280 (R3) 213 251 446 40.9
60 368034 2489637 Close ore body 300 (R3) 63.5 454 133 844
61 368061 2489716 Close ore body 400 (R3) 783 70.6 1049 118
Minimum 213 234 123.8 40.9
Maximum 964 1635 3788 6107
Average 172 213 849 562
Median 85.0 93.0 551 198
Standard Deviation (SD) 199 292 817 1096
Standard Error (SE) 25.0 37.0 105 140
Skewness 23 3.0 20 39
Kurtosis 5.6 114 4.0 16.2

L: Left side; R: Right side of the ore body.
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AEDE(;Lsuyfl) =D (nGy.h’l) x DCF <su.cy*1) xOF xT (4)

where, D is the absorbed gamma dose rate; DCF is an outdoor dose
convention factor (DCF = 0.7 Sv.Gy~!); OF is an outdoor occupancy
factor (OF = 0.2) (UNSCEAR, 2008); T is the time factor (T = 8760 h).

2.2.3. Excess lifetime cancer risk (ELCR)

Based on the values of AEDE, excess lifetime cancer risks (ELCR)
were calculated using the following equations (ICRP, 1990)
ELCR = AEDE x Life Expec tan cy (LE) x Risk factor (RE) (5)
Where LE is the life expectancy of Vietnamese people in North
Vietnam and mountainous areas (71 years) (https://www.gso.gov.
vn/default_en.aspx?tabid=774); RF is a fatal risk factor per Sie-
vert which is equal to 0.057 Sv—! (ICRP, 1990).

The excess lifetime cancer risk (ELCR) was counted for external
gamma radiation only and does not include exposure from inha-
lation of radon and radon daughters which is a domination expo-
sure component in ordinary residential areas.
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3. Results and discussions
3.1. Activity concentration of natural radionuclides in soil

The results of activity concentration of ?*°Ra, 238U, 4 K, and %**Th
(?8Ra) in and outside the ore body are listed in Tables 1 and 2 in
respective. As shown in Table 1, in the ore body, the activity con-
centrations of >?Ra vary from 1179 to 6291 Bq/kg with an average
value of 2606 Bq/kg. The 238U concentration ranges from 1024.4 to
8351 Bq/kg with an average value of 3500Bq/kg. The activity of 4 K
varies from 260 to 3519 Bq/kg with a mean value of 1487 Bq/kg.
While the 222Th (*?®Ra) concentration ranges from 1476 to 35546
Bg/kg with a mean value of 17334 Bq/kg. Outside the ore body, as
presented in Table 2, the concentration of 226Rga, 238y, 4K, and 232Th
(??8Ra) varied from 21.3 to 964 Bq/kg (172 Bq/kg on average), from
23.4 to 1635 Bq/kg (213 Bq/kg on average), from 124 to 3788 Bq/kg
(849 Bq/kg on average), and from 40.9 to 6107 Bq/kg (562 Bq/kg on
average) in respective. These results show that the concentration of
radionuclides in the ore body is significantly higher than that
outside the ore body (close to the ore body). Therein, the concen-
trations of 226Ra, 238U, 4 K, and 232Th (*%%Ra) in and outside the ore
body are significantly higher than the global average concentration
in soil in different countries, which are 32 Bq/kg, 33 Bq/kg, 420 Bq/
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kg, and 45 Bq/kg for 2%6Ra, 228U, 4 K, and 232Th (**®Ra) respectively
(UNSCEAR, 2000). In the ore body, the activity concentrations of
226Ra, 238, 4 K, and 232Th (?*®Ra) show a large variation with the
standard deviation (SD) of 1714, 2805, 1080, and 13883 in respec-
tive. In which, the largest variation of activity concentration is
found for 232Th (*?Ra) while the smallest variation is observed for
4K. By contrast, outside the ore body, the concentration of both 4 K
and 2*2Th (?*®Ra) shows a large variation. The asymmetric distri-
butions of concentrations of measured radionuclides inside and
outside the ore body are shown in Figs. 2 and 3. As shown in Fig. 2,
in the ore body, the distribution of concentration of *?°Ra radio-
nuclide shows the positive Skewness while that of 23U, 4 K, and
232Th (??8Ra) shows the negative Skewness. In the ore body, the
concentration of all studied radionuclides is the light-tailed dis-
tribution with the Kurtosis ranging from 0.3 to 1.2. As presented in
Fig. 3, the distribution of all studied radionuclides outside the ore
body shows the positive Skewness. Additionally, the concentration
of 2*6Ra, these radionuclides is the heavy-tailed distribution (Kur-
tosis >3), especially for 232Th (*?®Ra) radionuclide.

The distribution of concentration of studied radionuclides in
three routes concerning the distance from the measurement points
to the ore body is presented in Fig. 4. For the three routes, the
concentration of 232Th (*?8Ra) in the ore body is significantly high
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since the 232Th (**®Ra) is the main component of rare earth element
mines. Additionally, to both sides of the ore body, the concentration
of studied radionuclides (**°Ra, 238U, and *’Th (**®Ra)) may in-
dependent of the distance. It could confirm that the study area
without human activities (related REE mine exploring and pro-
cessing) which non-increase the potential for exposure. Only the
4K have the trend increase in the left side of route 1 and a litter bit
high in left side of route 2 (Figs. 6 and 7). It could be explained that
the K (*K) is highly mobile and soluble in water (Kumar et al., 2008;
FAO, 2016; IAEA, 2014) and to be a greater degree of mobility in
comparison with 2?°Ra, 238U, and 232Th (??®Ra) (Hafsi et al., 2014;
Kumar et al., 2008), and the left side of route 1, 2 is a low altitude
side. Those are the favorable conditions for K (* K) accumulation
from leaching due to weathering and erosion from the ore body
region. It is not similar for route 3 when the ore body is located in a
low altitude zone (Figs. 2 and 8).

The soil samples taken in MH can be assessed as NORM (Natu-
rally Occurring Radioactive Material) because of the study area
without human activities related the REE mine. To assess the
radioactivity, the local natural background radiation needs to be
known. There is no report of the natural background radiation in
the study area, so in this study, the authors attempted to determine
based on the measured results of radionuclides in soil samples from
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inside and outside of ore bodies. Based on the frequency diagram,
the local natural background radiation is assumed as the value of
concentration having the highest frequency (Son et al,, 2014). In
this study, the natural background radiation estimated from the
concentration of radionuclides in the ore body and close to the ore
body is high since the concentration of radionuclides in the ore
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body is high and not representative. Thus, in the study area, the
natural background radiation was estimated from the concentra-
tion of radionuclides in soil samples outside the ore body. The
frequency diagram of the concentration of radionuclides outside
the ore body is plotted and presented in Fig. 5. As shown in Fig. 5,
the local natural background radiation of 22°Ra, 238U, 4 K and %3Th
(*8Ra) in MH is 156, 254, 647, and 908 Bq/kg in respective.
Compared to the average concentration of 22°Ra, 238U, 4 K, and 23>Th
(*?8Ra) in soil in UNSCEAR (2000) (32 Bq/kg, 33 Bq/kg, 420 Bq/ke,
and 45 Bq/kg for >?°Ra, 238U, 4 K, and 232Th (?*®Ra) respectively), it
can be seen that the study area has the high natural background
radiation in comparison with average values in soil of other
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countries in the world.

The comparison of natural background radiation and concen-
tration of radionuclides in soil in three routes is presented in
Figs. 6—8. As shown in Fig. 6, the concentration of studied radio-
nuclides in soil samples outside the ore body are fluctuations
around the natural background radiation except for 4 K which is
commented as a light and mobile element (FAO, 2016; IAEA, 2014).
In the routes 1 and 2, there are people living and having agricultural
activities. However, these activities may not lead to an increase in
the radionuclide concentration in soil samples.

For a detailed study, the variation of the concentration ratios
238U/226Ra, 232Th (228Ra)/226Ra, 4 K/226Ra, and 4 K/232Th (228Ra) and
the average values of these ratios are listed in Table 3. In which, the
ratio 238U/??5Ra slightly ranges from 0.66 to 2.19 with an average
value of 1.16. By contrast, the 232Th (*?®Ra)/**%Ra, % K/?*®Ra, and
4 K/?32Th (?*®Ra) ratios are significantly varied from 0.71 to 27.8,
0.19 to 27.8, and 0.01 to 17.7 with the average values of 3.52, 7.13,
and 3.31 respectively. In general, these ratios can be used as a sign
of the relative occurrence of these radionuclides in soil. Besides, it is
not expected that the concentrations of 23U and 2%®Ra are in
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equilibrium. The phenomenon was similar a report of REE mineral
for titanium placer in Madagascar by Van Hao et al. (2019). The
differences in the mobility of 23U and 2*®Ra can lead to the dif-
ference in concentration of these radionuclides in soil (Navas et al.,
2002; Mehra and Singh, 2011). Those differences in the geochem-
ical properties of the uranium and radium elements were
mentioned by Van Hao et al. (2019) as well. Thus, the 22°Ra occurs
in the state of 2+ redox, and 2*°Ra (Ra element) can be leach by
water through various weathering processes while the 233U (U
element) could occur in 4+, 5+ and 6+; the other reason is that the
238( series 2?5Ra is formed after three alpha decays (38U the first),
so according to the nuclear recoil 2?°Ra can be removed from the
soil (rock) to the water (rainwater).

3.2. Radiological hazard indices

The summary of the calculated results of radiological hazard
indices for the soil in MH area is presented in Table 4. The world
average values as reported in UNSCEAR (2000) are also listed in this
table.
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Table 3
Activity concentration ratios?>®U/??°Ra,?*?Th (*?®Ra)/>?Ra,* K/?*°Ra, and*°K/***Th
(225Ra),

Values 238y226Ry  232TR(22Ra)22%Ra 4 K/??Ra 4 K/?32Th (2%Ra)
Minimum  0.66 0.71 0.19 0.01
Maximum  2.19 278 27.8 17.7
Average 1.16 3.52 7.13 3.31

3.2.1. Absorbed dose rate (D)

The absorbed dose rate shows the received dose in the air at 1 m
from the ground of the gamma radiation emitted from the radio-
nuclides in materials in the environment. This parameter is also
used to evaluate the health risk. The calculated total absorbed dose
rate (D) for soil inside and outside the ore body in MH is ranged
from 1597 to 25057 nGy/h with an average value of 12008 nGy/h
and from 53.9 to 4138 nGy/h (463 nGy/h on average) respectively

Chemosphere xXx (XXXX) XxX

(Table 4). It can be seen that the average value of D in the ore body is
26 times higher than that outside the ore body. In the study area,
only 2 out of 61 sampling points (Nos. 26 and 59) have the value of
D close to the world average value of 57 nGy/h (UNSCEAR, 2000). In
general, the average values of D inside and outside the ore body are
211 and 8 times higher than the recommended values in respective.
Refer to other countries, the absorbed dose rate values in some
areas are also significantly higher than the recommended value
such as Chhatrapur, (India) (Mohanty et al., 2004), Bhimilipatanam
(India) (Paul et al., 1998), Kerala (India) (Ramasamy et al., 2013),
Northern Iran (Birami et al., 2019).

The fractional contributions of natural radionuclides (*?°Ra, 4 K,
and 232Th (>?8Ra)) to the total absorbed dose rate are calculated and
presented in Fig. 9. It can be seen that the contributions of radio-
nuclides to the total absorbed dose rate vary from site to site. In
most of the sites, the contribution of 232Th (>%%Ra) to the total dose
rate is higher than that of K and 2?°Ra, except the site nos. 31 and
35. This is due to the dominance of 232Th (*?®Ra) in rare earth
element mines (and in the study area in general). In the site no. 31,
the contribution of 2*®Ra (42.3%) is slightly higher than that of 2>Th
(?*8Ra) (40.2%) while in the site no. 35, the contributions of >26Ra
and 232Th (**®Ra) are 45.4% and 44.2% in respective. In general, the
contributions of 226Ra, 4 K, and 232Th (?8Ra) to the total dose rate
are 21.2%, 11.8%, and 67.0% respectively. An interesting point as
shown in Fig. 10 is that the concentration of 2>Th (*?®Ra) has a very
strong correlation with the total dose rate (coefficient of determi-
nation, R? = 1). This indicates that the concentration of 232Th
(?%8Ra) can be used to estimate the total dose rate for the study area.

3.2.2. Annual effective dose equivalent (AEDE) and excess lifetime
cancer risk (ELCR)

The calculated AEDE values inside and outside the ore body are
varied from 1958 to 30730 uSv/y with an average value of 14726
uSv/y and from 66.1 to 5074 pSv/y with 568 pSv/y on average in
respective (Table 4). And the calculated values of ELCR are signifi-
cantly ranged from 0.008 to 0.124 with an average value of 0.06 for
soil samples in the ore body and from 0.0003 to 0.021 with the
average value of 0.0023 for soil samples outside the ore body. It is
clear that both of the average value of AEDE and ELCR in the ore
body is about 26 times higher than that outside the ore body. It can
be seen that in the study area, only 2 out of 61 sampling points (Nos.
26 and 59) have the AEDE and ELCR values close to the world
average value of 70 pSv/y (UNSCEAR, 2000). The average values of
AEDE and ELCR inside and outside the ore body are 210 and 8 times
higher than the recommended values respectively (UNSCEAR,
2000).

In general, the radiological hazard indices in this study show a
wide range of variation because of the large difference between the
inside and outside the ore body. The lowest values of radiological
hazard indices were found for the soil sample No. 59 which is
located far away from the ore body. While the highest values of
hazard indices were observed for the soil sample No. 43 which is
located on the ore body. In general, the average values of all the
calculated radiological hazard indices for soil samples in the ore
body are far higher than those for soil samples outside the ore body
and the average values of hazard indices inside and outside the ore
body are much higher than the recommended values.

4. Conclusions

The natural radionuclides and assessment of radiological haz-
ards in soil in MH, Lao Cai, Vietnam have been throughout inves-
tigated in this study. Based on the measurement results and
calculation of radiological hazard indices, some conclusions are
drawn as follows:
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Table 4
Summary of calculated radiological hazard indices.

Chemosphere xXx (XXXX) XxX

Location Indices Average Maximum Minimum SD Skewness Kurtosis World average (UNSCEAR, 2000)
D (nGy/h) 12008 25057 1597 8538 0.2 -1.6 57
Ore body AEDE (uSvfy) 14727 30730 1958 10982 0.2 -1.6 70
ELCR 0.060 0.124 0.008 0.044 0.2 -1.6 0.29 x 1073
Outside the ore body D (nGy/h) 463 4138 53.9 754 3.6 14.1 57
AEDE (uSvjy) 568 5074 66.1 934 3.6 14.1 70
ELCR 0.0023 0.021 0.0003 0.004 3.6 14.1 0.29 x 1073
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Fig. 9. The fractional contribution of 2?°Ra, 4 K, and 23?Th (?*®Ra) to the total absorbed dose rate.

30000 radiation background. Regarding the spatial distribution, the
= measured concentration of radionuclides in the study area is in-
= 25000 =1.08x+146 ® dependent of the distance from measured points to the ore body,
% RE=1 e [ except for the 4 K. Since the studied area has a high natural back-
% 20000 1 ground radiation, the soil samples outside the ore body in MH can
g o be considered as the NORM.
§ 15000 4 o Regarding the disequilibrium among different radionuclides,
% P there are significant variations in the ratios among studied radio-
£ 10000 1 .. nuclides and the disequilibrium between 23U and 22°Ra. The
= | research also found that the 232Th (?*®Ra) concentration and the
5 5000 1 ...o'" total dose rate has a strong positive correlation. This indicates that

IV i the concentration of 232Th (?>8Ra) can be used to estimate the total
0
0 5000 10000 15000 20000 25000 dose rate.
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Fig. 10. Relationship between 232Th (?®Ra) and total absorbed dose rate.

The research results show that the concentration of radionu-
clides and calculated radiological hazard indices for soil samples in
the ore body are significantly higher than those for soil samples
outside the ore body. Additionally, the concentration of radionu-
clides and radiation hazard indices in and outside the ore body
(close to the ore body) is higher than the worldwide average values.
Especially in the ore body, the activity concentration of radionu-
clides is very high in comparison with the average values of those
radionuclides in soil of other countries in the world (UNSCEAR,
2000). It should be noted here that the study area has high
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