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total area of 593 km2 and its population was 108,000 in 
2019. While the economy was once centered on fishing 
and agriculture, a fast-growing tourism sector has 
developed in recent years. This came about from 2014 
when the government of Vietnam allowed all foreign 
tourists to visit the island visa-free for a period of up to 30 
days, and the government set Phu Quoc Island as a special 
administrative region to upgrade it to a provincial city 
with special administration. Thus, many infrastructure 
projects have been carried out, including building of 
several five-star hotels, resorts and roads. The average 
and median absorbed dose rates in air were previously 
reported to be 44 nGy/h and 37 nGy/h, respectively12). 
However, there is a possibility that the absorbed dose rate 
in air has changed due to these projects.

The estimation of effects on absorbed dose rate in 
air as related to artificial structures is not easy after the 
environment is built-up. While some researchers reported 
environmental radiation levels for Vietnam9, 13-15), there are 
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1.  Introduction

Environment radiation levels in people’s living areas 
depend primarily on the terrestrial γ -rays emitted 
from the ground1). Therefore, many researchers have 
been measuring soil samples which contain natural 
radionuclides such as 40K, 238U series and 232Th series to 
determine the environmental radiation levels and radiation 
risks2-6). Additionally, other researchers have reported 
that environment radiation levels dramatically changed 
due to construction projects utilizing buildings materials 
containing large amounts of natural radionuclides7-11).

Phu Quoc Island in Vietnam is located in the 
southwestern part of Vietnam (Fig. 1). The island has a 
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no reports that directly measured changes of radiation 
level related with changes in urban environments. In this 
study, a car-borne survey was carried out on Phu Quoc 
Island in March 2020 (i.e., after the infrastructure projects 
were completed) and results were compared to previous 
reported values (i.e., before the projects) to estimate 
effects on dose rate related with infrastructure projects.

2.  Materials and methods

Survey routes
The measurements of  the absorbed dose rates in 
air (nGy/h) were carried out in March 2020 on Phu 
Quoc Island. The weather was sunny throughout the 
measurement days, and no rain fell. The survey routes 
were selected as main roads wherever possible (Fig. 2). 
This route map was drawn using the Generic Mapping 
Tools (GMT) created by Wessel and Smith16).

Fig. 2.  Maps showing survey routes for measuring the count rates on Phu Quoc Island (A) in 2020 and (B) in 201512).

Fig. 1.  Maps of Vietnam and Phu Quoc Island, drawn using the Generic Mapping Tools (GMT) of Wessel and Smith16).

(B)(A)(A) (B)
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Car-borne survey
A car-born survey technique is a common method for 
fast assessment of dose rate in a large area9, 17, 18). In the 
present study, a car-borne survey was carried out using a 
3-in×3-in NaI(Tl) scintillation spectrometer with a global 
positioning system (EMF-211, EMF Japan Co., Osaka, 
Japan). Measurements of the count rates with gamma-
ray energies of 50 keV–3.2 MeV inside the car were 
performed every 30 s along each route. Simultaneously, 
latitude and longitude at each measurement point were 
recorded with the global positioning system. During the 
survey, precautions were taken that the detector did 
not move when the car was being driven and the speed 
of the car was below 25 km h-1. The car windows were 
kept closed during measurements. The car used for the 
survey was a Toyota Fortuner with a maximum capacity 
of five occupants. Four occupants were present in the 
car during the survey. The photon peak of 40K (Eγ = 1.464 
MeV) was used for calibration from the channel number 
and gamma-ray energy before the measurements. 
The shielding effect of the car body was estimated by 
measuring the count rates inside and outside the car 
at 12 points (red circles in Fig. 2). Measurements were 
recorded over consecutive 30-s intervals during a total 
recoding period of 2 min inside and outside the car. 
Shielding factor was calculated from the correlation 
between count rates inside and outside the car, and the 
corrected count rates inside the car were obtained by 
multiplying the data measured in the car-borne survey 
with this shielding factor. The gamma-ray pulse height 
distributions were then measured outside the car for 
10 min at 12 points (red circles in Fig. 2). The NaI(Tl) 
scintillation spectrometer was positioned 1 m above the 
ground surface for these measurements. The measured 
gamma-ray pulse height distributions were then unfolded 
using a 22×22 response matrix method19) and absorbed 
dose rates in air were calculated. The calculated dose 
rates were then used to calculate the dose conversion 
factor (nGy h-1/cps) from a correlation between dose 
rates and count rates. The count rates measured by the 
car-borne survey were multiplied by the obtained dose 
conversion factor and the absorbed dose rates in air for 
all of Phu Quoc Island were calculated. All obtained data 
from the car-borne survey were plotted using GMT16) as 
a distribution map of absorbed dose rates in air on Phu 
Quoc Island. A minimum curvature algorithm was used 
for the data interpolation by GMT. This is the method for 
interpolating data by presuming a smooth curved surface 
from the data of individual points. For a more detailed 
evaluation, activity concentrations of 40K, 238U and 232Th at 
all points in Figure 2 (n = 12) were calculated by unfolding 
the measured gamma-ray pulse height distributions 
utilizing the 22×22 response matrix method19). The 
energy ranges of 1.39 – 1.54 MeV for 40K, 1.69 – 1.84 MeV 

and 2.10 – 2.31 MeV for 214Bi (238U-series) and 2.51 – 2.72 
MeV for 208Tl (232Th-series) were set and gamma-ray flux 
densities of 1.464 MeV from 40K, 1.765 MeV and 2.205 
MeV from 214Bi and 2.615 MeV from 208Tl were stored, 
individually18, 19). The activity concentrations of 40K, 238U 
series and 232Th series were then calculated by comparing 
them with the theoretically evaluated gamma-ray flux 
density spectrum due to these nuclides19).

Ef fects of  asphalt pavement and artif icial structures on 
measurements
Some parts of the survey routes were not paved with 
asphalt (unpaved and concrete paved roads; Figure 2, 
blue and green lines). Therefore, the measurements of 
gamma-ray pulse height distributions were carried out 
for 10 min at 1 m above the asphalt surfaces at points #1, 
#3, #5 – #8, #10 and #12 (n = 8) in Figure 2 to evaluate the 
effects of asphalt pavement on the absorbed dose rates 
in air. A correction factor for asphalt pavement was then 
calculated from the correlation between count rates on 
asphalt and unpaved surfaces.

Activity concentrations in soil samples
The soil samples were collected from a layer extending to 
15 cm below the ground surface at 12 points (red circles 
in Fig. 2B). Samples were dried for 24 h at 110°C and then 
sieved. Particles less than 2 mm in size were retained for 
the activity concentration measurement. These particle 
samples were packed in a U-8 polypropylene container 
(48 mm diameter×55 mm height) and sealed with 
araldite glue. The sealed samples were left for 1.5 months 
to ensure the equilibrium of 228Ra and 226Ra with their 
decay products in the thorium and uranium series. 
Activity concentrations of 40K (E γ = 1.461 MeV), 214Pb 
(Eγ = 0.351 MeV) and 214Bi (Eγ = 0.609 MeV) for 238U series 
and 228Ac (Eγ = 911 MeV) for 232Th series in each sample 
were measured for 30,000 s with a high-purity germanium 
semiconductor detector (GCD-30185, Baltic Scientific 
Instruments, Republic of Latvia) placed inside the 100 mm 
lead shielding to prevent external radiation from affecting 
the sample analysis. This detector has a relative efficiency 
of 33% and an energy resolution of 1.73 keV at the gamma-
ray energy of 1.33 MeV. The activity concentration of the 
238U series was calculated using a weighted average of the 
activity concentrations of 214Pb and 214Bi.

3.  Results and discussion

Correction and dose conversion factors
The correlation between count rates inside and outside 
the car measured at 12 locations is shown in Figure 3A, 
and the shielding factor and standard uncertainty20) were 
found to be 1.71 and 0.02, respectively. The shielding 
factor is generally influenced by the type of car, number 
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of passengers and scintillation spectrometer position 
inside the car. Therefore, the present survey for the 
2020 and the 2015 surveys were carried out at the same 
conditions for all measurements. The calculated shielding 
factor has been previously reported as ranging from 
1.3 – 2.09, 17, 21-27), and the presently calculated factor was 
in this range. Figure 3B shows the correlation between 
absorbed dose rate in air (nGy/h) calculated using the 22
×22 response matrix method and count rate outside the 
car (cps). The dose conversion factor and uncertainty 
were found to be 0.128 nGy/h/cps and 0.02, respectively. 
The two correlations shown in Figures 3A and 3B had 
similar decision coefficients24, 25). Here, the absorbed dose 
rates in air (Dout) outside the car 1 m above the ground 
surface at each measurement point were calculated using 
Eq. (1):

                    Dout = Cin×1.71×0.128 (1)

where Cin is count rate inside the car (cps) obtained by 
the car-borne survey measurements.

Evaluation of the effect of asphalt pavement on measurement
A correction factor for asphalt pavement was calculated 
from the correlation between count rates measured on 
the bare surface and the asphalt surface at eight points 
as shown in Figure 3C, and it was found to be 0.71; as a 
consequence, the absorbed dose rate in air measured on 
asphalt was 1.4 times higher than that of the bare surface. 
The effects of asphalt pavement are strongly dependent 
on the road structure and the road construction material 
used. Previously, Inoue et al.9) reported the shielding effect 
by asphalt pavement at 319 locations in Vietnam, and they 
found the correction factor for asphalt pavement was 
1.37 for southern Vietnam and 0.96 for northern Vietnam. 
Additionally, these effects depend on the basement 
geology (i.e., the primary terrestrial gamma radiation 

dose rate). For example, if the asphalt paved road is 
constructed on the basement geology with a high dose 
rate, the artificial structure has been acting as shielding, 
whereas if the road is constructed on the basement 
geology with a low dose rate, the artificial structure 
has been acting as a radiation source9). The average 
and standard deviation of activity concentrations in soil 
samples (n = 12) were 161±11 Bq/kg for 40K, 11±2 Bq/kg 
for 238U and 19±12 Bq/kg for 232Th; hence, the obtained 
average activity concentrations were lower compared to 
the worldwide averages (400 Bq/kg for 40K, 35 Bq/kg for 
238U and 30 Bq/kg for 232Th)1), and the artificial structures 
such as roads were acting as a radiation source on Phu 
Quoc Island.

Distribution of  ambient dose rate
The median (range) of absorbed dose rates in air for the 
whole island (n = 638) was 48 nGy/h (19 – 110 nGy/h) 
(Fig. 4A). This dose rate was increased 1.3 times 
compared to the measured value (37 nGy/h; n = 774) in 
2015 (i.e., before hotel, resort and road constructions)12). 
The median dose rates (ranges) measured on asphalt 
paved roads (n = 488), concrete paved roads (n = 74) and 
unpaved roads (n = 76) were 52 nGy/h (23 – 110 nGy/h), 
34 nGy/h (19 – 56 nGy h-1) and 29 nGy/h (20 – 60 nGy/h), 
respectively. Especially, the dose rate measured on 
the concrete paved road located on the eastern side of 
the island (green line in Fig. 2) was increased 1.3 times 
compared to the value (27 nGy/h) measured on the same 
route in 2015 when it was unpaved road. Figure 4B shows 
the cumulative probability distributions of the absorbed 
dose rate in air for the whole island, and clear differences 
in the dose rate were seen, and 53% of all measured data 
in 2020 were increased compared to the 2015 values.

Figures 5A and 5B show the respective dose rate 
distribution maps drawn using measured data in 2020 

Fig. 3.  Correlations between: (A) count rates inside and outside the car; (B) dose rates in air and count rates outside the car; and (C) 
count rates on bare surface and count rates on asphalt surface.

(A) (B) (C)



Kazumasa Inoue et al./ Radiation Environment and Medicine  2021 Vol.10, No.2   67–73 71

(n = 638) and in 2015 (n = 774) on Phu Quoc Island12). 
The maps were drawn with the same magnification 
and altitude color gradation scale using GMT16). A 
heterogeneous distribution of absorbed dose rates in air 
was seen. Especially, high absorbed dose rates in air of 
over 60 nGy/h were observed along the asphalt paved 
roads which passed from the north to the south. Since 
these asphalt paved roads had been constructed before 
2015, high dose rates had also been observed previously12). 
In the distribution map of 2020 (Fig. 5A), increased dose 
rates due to road construction were observed on the 
eastern side of the island reflecting an increased median 
dose rate as mentioned above.

The maximum relative standard uncertainty of a one-
time measurement (30 s) was calculated to be 3.9%. Here, 
the relative standard uncertainties for the shielding 

factor, dose conversion factor, traceability of the dose 
rate and the dose calculation procedure by the response 
matrix method were given as 2.2%, 2.3%, 4.1% (k = 2) (Pony 
Industry Co., Ltd., Osaka, Japan), and 5.0% (EMF Japan 
Co., Osaka, Japan), respectively. Thus, the maximum 
combined relative standard uncertainty to the estimated 
absorbed dose rate in air in this study was calculated to 
be 8.2%.

Figure 6A shows the distribution map of absorbed dose 
rate in air calculated using a correction factor for asphalt 
pavement (i.e., 0.71, shown in Fig. 3C) by multiplying Dout 
calculated from Eq. 1. This correction factor was utilized 
for only data that were measured on asphalt and concrete 
paved roads. For the detailed evaluation, the dose rate 
distribution map that used the correction factor for 
asphalt pavement measured in 2015 is shown in Figure 

Fig. 4.  (A) Calculated absorbed dose rates in air in 2020 and 201512) and (B) cumulative 
probability distributions of absorbed dose rates in air.

Fig. 5.  Distribution maps of absorbed dose rate in air based on the dose rates measured from the car-borne surveys (A) 
in 2020 and (B) in 201512).

(A) (B)

(A) (B)
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slightly increased after resort developments (0.24 mSv/y 
for 2015)12). This value for Phu Quoc Island is 70% of 
the Vietnam average (0.44 mSv/y, n = 462)9). Thus, Phu 
Quoc Island may be a sensitive area for changes in 
absorbed dose rate in air from newly constructed artificial 
structures because the original dose rate was low.

4.  Conclusion

A car-borne survey was carried out on Phu Quoc Island, 
Vietnam, in March 2020 after resort and infrastructure 
developments, and the detailed dose distribution map 
was made to evaluate changes of dose rate distribution 
compared to the distribution map made in 2015before 
such developments. The median absorbed dose rate in air 
for the whole island in 2020 was 48 nGy/h with the range 
from 19 to 110 nGy/h, and these values were increased 1.3 
times compared to measured values in 2015. Especially, 
clear changes of absorbed dose rate in air were seen for 
the eastern side of the island after concrete roads had 
been built to replace unpaved roads. Additionally, effects 
from artificial structures related with construction of 
large-scale resort hotels were observed along the western 
coast, and 53% of all of measured dose rate data increased 
compared to values before the developments. In relation 
with that, annual external effective dose was increased 
to 0.31 mSv/y. Activity concentrations in soil samples 
were 161±11 Bq/kg for 40K, 11±2 Bq/kg for 238U and 
19±12 Bq/kg for 232Th, which were lower compared to 
the worldwide averages. Hence, the artificial structures 
related to the resort and road developments in Phu Quoc 

6B. While the previous dose distribution map (Fig. 6B) 
became a homogeneous dose distribution by excluding 
the main asphalt paved roads and some villages, the 
current measured dose distribution map (Fig. 6A) did not 
display a homogeneous dose distribution. The median 
of absorbed dose rates after utilizing the correction 
factor for asphalt pavement were 32 nGy/h for 2020 and 
29 nGy/h for 2015. Higher dose rates compared to the 
previous map were seen along the western coast (red line 
in Fig. 6A). The line was consistent with the locations of 
the newly constructed large-scale resort hotels as shown 
in Figure 1. Thus, the high dose rates measured on the 
western coast (Fig. 6A) might reflect construction of 
artificial structures.

External effective dose estimation
The annual external effective dose for Phu Quoc Island 
was estimated using Eq. 2.

        E = Dout×DCF×T×(Qin×R + Qout)×10-6 (2)

Here E is the annual external effective dose (mSv/y), 
Dout is the average absorbed dose rate in air (nGy/h), 
DCF is dose conversion factor from the dose rate to the 
external effective dose for adults (0.748±0.007 Sv/Gy)28), 
T is 8,760 h (24 h×365 d), and Qin and Qout are indoor (0.8) 
and outdoor (0.2) occupancy factors, respectively14). R 
is the ratio of indoor dose rate to outdoor dose rate and 
1.0 was used for this factor because there is no study 
that has determined R in Vietnam. The calculated E for 
the whole Phu Quoc Island was 0.31 mSv/y, and E was 

Fig. 6.  Distribution maps of absorbed dose rate in air based on the dose rates measured from the car-borne surveys (A) 
in 2020 and (B) in 201512) after using the correction factor for asphalt.

(A) (B)
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Island had acted as radiation sources.
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