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HIGHLIGHTS

e Measurement of natural radionuclides in soil samples of Borujerd city.

e Calculation of radiometric parameters for these samples.

e Comparison of them contains with other reported work from other countries.
e Provided discussion about of radiological indices.

e Drown radiological map of Borujerd city.
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The specific activity of radionuclides in the soil of the Borujerd region using high purity

Germanium detector (HPGe) was measured and the associated radiological hazards
were calculated. The mean specific activity of radionuclides of Ra-226, Th-232, K-40,
and Cs-137 in soil was obtained at 10.99 + 5.11, 35.36 + 4.44, 324.20 + 10.24, and
2.93 & 0.60 Bq.kg™'. These values were below the global average. Also, the value of
basic radiological risk parameters, such as Raeq, AEDout, AEDint, Hexw, Hin, and I,
ranged from 52.02 to 139.54 in Bq.kg ™!, from 24.98 to 68.27 and from 42.90 to 117.22 in
mSv.y !, 122.57 to 334.93, 0.14 to 0.37, 0.16 to 0.40, and 0.27 to 1.04, respectively. The
range of excess lifetime cancer risk (ELCR) value for the surrounding soil samples varied
from 0.15 x 1073 to 0.41 x 1073, in which samples S4, S14, S24, S27, S28, S29, and S30
exceeded the global average of 0.29 x 1072, A radiological map of the city of Borujerd
was prepared using the GIS program. The study showed that the level of radioactivity in
the Borujerd area did not exceed the critical value and is in line with the global results.
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1 Introduction

Humans are always affected by nuclear radiation from nat-
urally occurring radioactive nuclei such as elements in the
U-238 and Th-232 chains and some radioactive nuclei such
as radionuclide K-40. The high level of potassium in the
soil is due to the fact that it makes up an average of 2.8%
of soil weight. On average, the amount of uranium and
thorium in soil was estimated as 2.7 and 9.6 mg.kg=! (Mo-
hebian and Pourimani, 2019). In addition to natural radi-
ation, our environment also has radiation induced by spe-
cial artificial radioactive nuclei, such as Cs-137 and Sr-90
(UNSCEAR, 2000). Cs-137 is one of the fission products
created and released into the environment due to nuclear
accidents such as the explosion of the Chernobyl reactor
in Ukraine (1986) (UNSCEAR, 2000).

Due to the harmful nature of nuclear radiation to hu-
man health, it is necessary to conduct soil monitoring in
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areas where people live and are exposed to natural and
artificial nuclear radiation. This is important for deter-
mining the distribution and radiological mapping of ra-
dionuclides in residential and food-producing regions. In
the field of measuring the amount of radioactivity in soil
samples, countless types of research have been conducted
in the countries of Iraq, Turkey, Saudi Arabia, Pakistan,
India, Congo, China, Egypt, Malaysia, and also in Iran
(Agbalagba and Onoja, 2011; Hussain and Alzhraa, 2017;
Adewoyin et al., 2022; Hasan and Majeed, 2013; Dizman
et al., 2016; Alshahri and El-Taher, 2019; Khan et al.,
2020; Suresh et al., 2020; Diahou et al., 2022; Ziqiang et al.,
1988; El-Araby et al., 2021; Alzubaidi et al., 2016; Pouri-
mani et al., 2017; Mohebian and Pourimani, 2020). This
study specifies the distribution of radionuclides and a ra-
diological map of the city of Borujerd in the central region
of Tran.
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Figure 1: Sampling points area of Borujerd city in Iran.

2 Materials and Methods

2.1 Area and sampling method

In the present study, 30 soil samples were taken from sur-
face soils (less than 10 cm depth) in the Borujerd areas of
Iran, and the longitude and latitude of the sampling site
were recorded with the Global Positioning System (GPS).
Figure 1 shows the sampling area that covered the entire
city area.

2.2 Preparation of samples

500 g of soil were collected from the sampling points and
transported in a plastic bag with a region label. In ac-
cordance with the International Atomic Energy Organi-
zation’s environmental sample preparation and packaging
instructions, 300 g of powder after grinding and passing
the samples through 20 and 50 mesh was packed, sealed,
and encoded in cylindrical containers of 300 g (Barnett
et al., 2009). Coding was done according to the geograph-
ical location of each sample. Soil samples were sealed with
silicon glue. The seal of the container prevents the release
of radon gas in the uranium chain. To measure the amount
of Ra-226, it is necessary to establish a secular equilibrium
between radium and radon so that the sample containers
are tightly closed for at least 50 days before the measure-
ment (Jibiri and Esen, 2011). In the event of the release
of radon gas, the activity of the radium nucleus cannot be
obtained from the activity of the radon daughter nuclei
(Ranjbar and Yousefi, 2019).

2.3 Radionuclide analysis of samples

To determine the specific activities of radionuclides in the
samples, it is necessary to calibrate the energy and ef-
ficiency of the detector-sample system. Energy and ef-
ficiency calibration was done using a standard RGU-1
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and Cs-137 sources of known activity (Pourimani and
Davood Maghami, 2020). RGU-1 is a known reference
material in the form of a fine powder with known activity
that can be used in any configuration, including a sample
container. The relationship between energy and channel
is shown in Eq. (1):

Energy = 7.52 + (0.33 x Channel) (1)

High purity germanium detector system was used in
this research. The GCD30195BSI model detector oper-
ated at voltage of 3000 V, an energy resolution of 1.95
keV and a relative efficiency of 30%. The gamma ray
spectrum of each sample was registered using LSRMBSI
software. The spectra were analyzed using Gamma Vi-
sion Master II Ortec EG software. The efficiency value of
gamma lines was determined using Eq. (2) (Hossain et al.,
2010):

Net Area
- R T ¥ @

AX BR(%)xT
where NetArea is the net count under the full energy peak
corresponding to the energy E;, A is the specific activity
of the radionuclide, BR (%) is the probability of E; photon
emission, and T specifies the counting time. The graph of
efficiency as a function of gamma-ray energy plotted using
the Matlab program is shown in Fig. 2. The gamma ray
spectrum of each sample was recorded for 86,400 s. Back-
ground radiation was measured with an empty container
under the same conditions and subtracted from each spec-
trum (Pourimani and Mohebian, 2021).

(%) 100

2.3.1 Measuring the specific activity of radioac-
tive nuclei

Using the net count under full peak energy (NetArea),
detector-sample efficiency (€), sample weight (m), and
gamma emission probability (BR), the specific activities
of Ra-226, Th-232, K-40, and Cs-137 in the samples were
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calculated using Eq. (3) (Kabir et al., 2009):

Net Area

(%) % BROA) x T xm <100

A= 3)
So that A is the specific activity of the radionuclide in
the sample in Bq.kg™!, T is the counting time in sec-
onds. The global average value of the specific activity of
radium, thorium and potassium nuclei is 30, 35, and 412
Bq.kg™! (Annex et al., 2000). The activity of Ra-226 was
calculated from the gamma emission of Pb-214 (351.93
keV) and Bi-214 (609.31 keV). Th-232 activity was deter-
mined using gamma energies of Pb-212 (238.6 keV), Ac-
228 (911.21 and 968.97 keV), and T1-208 (583.2 keV). The
K-40 activity was assessed directly with its gamma radi-
ation (1460.75 keV) and Cs-137 activity was determined
using its gamma line as 661.66 keV.

Efficiency (%)

Fa

¥,

Energy(keV)

Figure 2: Efficiency diagram of the detector-sample configu-
ration as a function of gamma-ray energy.

2.3.2 Radium equivalent activity

Ra equivalent activity is a single quantity that is used
to determine the radiation level of natural radionuclides
in terms of Ra-226 radioactivity and is one of the most
common indicators of radiation level. This indicator is
based on the evaluation that 370 Bq.kg~! of Ra-226, 259
Bq.kg™! of Th-232, and 4180 Bq.kg™! of K-40 give the
same gamma dose rate. It can be calculated using Eq. (4)
(UNSCEAR, 2000):

Raeq = ARa + 1.43A1y, + 0.077 Ak (4)

2.3.3 The absorbed dose rate in the air

At a height of 1 m above the ground, for radionuclides uni-
formly distributed in soil and rock, the absorbed gamma
radiation dose (D) in the air can be calculated using Eq.
(5) (UNSCEAR, 2000):

D (nGy.h™") = 0.427 A, + 0.662 Ay, +0.0432 A (5)

2.3.4 Internal and external annual effective dose

The annual effective dose in open air (AED) in terms of
pSv.y ! is related to the dose absorbed in the air (D) at
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a height of 1 m from the soil surface in terms of nGy.h~!
(Egs. (6) and (7)). Since soil sampling is possible in mate-
rials, if a building is used, the annual effective dose inside
the building has also been calculated (Pourimani and Mo-
hebian, 2021).

AEDoutdoor (MSV~y_1) = Dose rate (DGy.hil)
x 8760 (h.y ') x 0.20
x 0.7 (Sv.Gy ') x 1073

(6)

AED ;ndoor (,uSV.y_l) = Dose rate (nGy.h_l)
x 8760 (h.y ™) x 0.8
x 0.7 (Sv.Gy™ ') x 1073

(7)

The internal and external occupancy factors are 0.80 and
0.20 respectively, and also a factor of 0.7 was used for the
Gy to Sv conversion (Pourimani and Mohebian, 2021).

2.3.5 Calculation of internal and external risk in-
dicators

The external risk index shows the amount of gamma radi-
ation in the environment and the presence of radioactive
nuclei in soils and rocks that may pose a threat to hu-
mans. The internal risk index is caused by inhalation of
radon gas or ingestion of radionuclides. These parameters
are calculated using Egs. (8) and (9) (Kabir et al., 2009).
For a safe environment, the maximum values of external
and internal radiation risk indicators should be less than
1 (UNSCEAR, 2000).

Ara  Amn Ak

H,, = <1 8
370 + 259 + 4810 — (8)
Ara  Amn  Ax

H,, — <1 9
185 + 259 + 4810 — )

2.3.6 Calculation of gamma index (I,)

The gamma index is used to estimate the level of exposure
to gamma radiation associated with naturally occurring
radionuclides in soil and rocks. Equation (10) is used to
calculate this index (Annex et al., 2000):

Aty
100

Ax
1500

ARa
I =
7150

(10)

In Egs. (4) to (10), Aga, Arn, and Ak are the spe-
cific activities of Ra-226, Th-232, and K-40 in Bq.kg™*',
respectively.

2.3.7 Excess Lifetime Cancer Risk

The Excess Lifetime Cancer Risk (FLCR) is proportional
to the absorbed annual effective dose (AED), life ex-
pectancy (LE), and risk factor (RF'). Equation (11) using
for the calculation of this important index. The Excess
Lifetime Cancer Risk during the lifetime causes by envi-
ronmental gamma radiation (UNSCEAR, 2000).
According to the World Health Organization report
for Iranians, LE was 73.15 years (CINAR and Altundas,
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Table 1: The specific activities of natural radionuclides, Cs-137, radium equivalent, and absorbed dose rate in the air. MDA
shows th Minimum Detectable Activity.

Sample Specific activity (Bq.kg 1) Radiological Index
code Ra-226 Th-232 K-40 Cs-137 Racqg Bakg™) D (nG.h™T)
S1 17.63 £ 0.78 23.00 £ 3.78 363.85 £ 9.84 0.36 < MDA 78.53 38.47
S2 10.40 £ 0.89  67.10 £ 5.57 376.24 + 1048 1.11 < MDA 135.32 65.11
S3 6.16 + 0.84 33.90 + 4.53 513.85 + 12.12 093 < MDA 94.20 47.27
S4 7.11 + 0.85 40.80 + 4.83 516.98 + 12.34 1.04 < MDA 105.26 52.37
S5 2.56 £ 0.76 27.41 +4.13 380.56 £ 9.71 096 < MDA 71.05 35.67
S6 3.73 £ 0.77 45.77 +£ 4.65 407.13 £ 10.07 094 < MDA 100.53 49.48
S7 29.85 £ 2.14  25.41 £ 3.77  293.26 £ 8.21 3.49 4+ 0.32 87.76 42.23
S8 9.72 £+ 0.69 31.40 +4.16  315.56 +9.02 0.90 < MDA 78.92 38.56
S9 2.39 £ 0.75 31.58 £4.04 353.58 £9.35 094< MDA 75.31 37.20
S10 MDA > 261 41.74 +4.51 265.20 £ 7.58 0.89 < MDA 80.10 39.08
S11 2.58 £ 0.72 22.46 + 3.80 306.69 + 8.51 0.85 < MDA 58.31 29.21
S12 MDA > 256 41.41 +£4.76 490.91 + 12.05 0.96 < MDA 97.01 48.62
S13 26.74 £ 2.02 17.06 + 3.59 22846 + 7.22 084 < MDA 68.72 32.58
S14 8.96 + 0.83 42.57 £ 4.80 48742 + 12.68 0.99 < MDA 107.36 53.06
S15 5.25 + 0.78 33.20 +4.53  252.02 £ 888 093 < MDA 72.13 35.10
S16 29.66 £ 2.19 17.88 £ 3.99  159.01 £ 6.72 1.254-0.30 67.47 31.37
S17 8.13 £ 0.73 32.55 + 3.88 280.51 £ 9.11 093< MDA 76.27 37.13
S18 7.01 £+ 0.81 35.24 +4.53 25298 £9.36 097 < MDA 76.88 37.25
S19 5.70 + 0.80 36.04 + 442 261.48+9.36 099 < MDA 77.37 37.58
S20 12.33 £ 0.68  23.25 £ 5.02  226.23 £8.02 0.92< MDA 65.71 30.42
S21 1148 £ 0.69 18.99 +3.84 173.92 £8.03 0.94< MDA 52.02 24.98
S22 14.48 + 0.74  20.11 +4.57 191.35 £8.79 097 < MDA 57.97 27.76
S23 23.50 +£ 0.84 27.61 +4.83 351.50 £ 10.29 1.01< MDA 90.04 43.49
S24 13.48 + 0.67 40.54 + 6.05 458.51 + 11.75 4.45 + 0.40 106.75 52.40
S25 6.10 + 0.70 34.78 £4.04  413.57 £ 9.90 3.33+0.30 87.68 43.49
S26 7.84 + 0.71 40.77 £ 4.33  427.40 £+ 10.15 2.15 £ 0.28 99.05 48.20
S27 6.42 + 0.74 47.09 + 4.27 539.22 + 12.21 094 < MDA 115.27 57.20
S28 10.19 £ 0.79  53.15 £ 4.77 505.13+11.8 0.97 < MDA 125.08 61.35
S29 9.744-0.78 62.10 + 4.94 532,55 £ 1229 097 < MDA 139.54 68.27
S30 8.57 £ 0.74 45.87 + 4.43 488.46 £ 1145 092 < MDA 111.77 55.12
MIN MDA > 256 17.06 £3.59 159.01 £ 6.72 0.36 < MDA 52.02 24.98
MAX 29.845 4+ 2.14  67.10 £ 5.57 539.22 + 12.21 4.45 + 0.40 139.54 68.27
MEAN 10.99 + 5.11  35.36 + 4.44 324.20 + 10.24 0.60 4+ 2.93 88.64 43.33

2015) and the International Committee on Radiation Pro-
tection established the risk conversion factor to be 0.05
Sv~!. The global average is 0.29 x 10~3 and the maxi-
mum acceptable limit is 1072 (UNSCEAR, 2000).

ELCR = AED,yyuid00r X LE x RF (11)

3 Results

The specific activities of Ra-226, Th-232, K-40 and Cs-137
radioactive nuclei was measured in 30 soil samples. The
data results are listed in Table 1. Based on the data from
Table 1, the highest value of the specific activity of Ra-226
was obtained in sample S7, and the lowest in sample S10.
The highest and lowest value of specific activity of Th-232
radioactive nucleus is in samples S2 and S13, respectively.
The highest value of the specific activity of the K-40 nu-
cleus was obtained in sample S27 and the lowest amount
of activity was obtained in sample S16. The Cs-137 with a
maximum value of 4.45 Bq.kg™! was measured in Samples
S1, S16, S24, S25, S26, and S27, and for the rest of the
samples was lower than the MDA level of the detector sys-
tem. The calculated radiological parameters are presented
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in Table 2. The values of radiological risk parameters such
as Racq, AEDoyt, AED;ny, D, Hey, H;p, and I, varied
in the range of 52.02 to 139.54) Bq.kg™!, 24.98 to 68.27
and 122.57 to 334.93 in uSv.y !, 42.90 to 117.22 nGy.h™1!,
0.14 to 0.37, 0.16 to 0.40, 0.27 to 1.04, respectively. Fig-
ure 3 shows the comparison of the equivalent activity value
of radium in this study with other countries. According
to this figure, Pakistan shows a higher equivalent activity
value compared to other countries. On the other hand, all
values are lower than the global average value.

Figure 4 compares the gamma index value in this study
with other countries where Turkey and Pakistan show the
highest and the lowest gamma index values, respectively,
compared to other countries. For all mentioned countries
except Turkey, the gamma index values were lower than
the global average. The range of ELCR values for soil
samples ranged from 0.15 x 1073 to 0.41 x 10~3, which
for samples s4, s14, s24, s27, s28, 529, and s30 was greater
than the global average of 0.29 x 1073. Maps of Ra-226
distribution and airborne dose rate by GIS software are
shown in Figs. 5 and 6. Ra-226 was higher at several lo-
cations near the central part of the city, and the absorbed
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Table 2: Radiological parameters of samples.

Radiological Index
Sample code  AED,y: (uSv.y ') AED;, (uSv.y ') He. H; I ELCR (x1077°)

S1 66.05 188.48 0.21 0.25 0.59 0.23
S2 111.79 319.42 0.36 0.39 0.98 0.39
S3 81.16 231.88 0.25 0.27 0.72 0.28
S4 89.93 256.95 0.28 0.30 0.80 0.31
S5 61.25 175.02 0.19 032 0.54 0.21
S6 84.95 242.73 0.27 0.27 0.75 0.29
S7 72.51 207.18 023 032 0.64 0.25
S8 66.22 189.20 0.21 0.23 0.58 0.23
S9 63.87 182.49 0.20 0.20 0.56 0.23
S10 67.11 191.75 0.21 0.21 0.59 0.23
S11 50.16 143.33 0.15 0.16 0.44 0.17
S12 83.47 238.51 0.26 0.26 0.74 0.29
S13 55.94 159.83 0.18 0.25 0.50 0.19
S14 91.10 260.300 0.28 0.31 0.81 0.31
S15 60.27 172.22 0.19 0.20 0.53 0.21
S16 53.86 153.89 0.18 0.26 0.63 0.18
S17 63.76 182.18 0.20 0.22 0.39 0.22
S18 63.95 182.73 0.20 0.22 0.56 0.22
S19 64.53 184.39 0.20 0.22 0.57 0.22
520 52.24 149.27 0.17 020 0.46 0.18
S21 42.90 122.57 0.14 0.17 0.38 0.15
S22 47.66 136.18 0.15 0.19 0.42 0.16
523 74.68 213.37 0.24 030 0.66 0.26
524 89.97 257.05 0.14 032 0.80 0.31
S25 74.67 213.37 0.23 0.25 0.66 0.26
526 82.76 236.62 026 028 0.74 0.28
S27 98.22 280.64 0.31 0.32 0.27 0.34
528 105.34 300.99 0.33 036 0.93 0.36
529 117.22 334.93 0.37 040 1.04 0.41
S30 94.65 270.43 0.30 0.32 0.84 0.33
MIN 42.90 122.57 0.14 0.16 0.27 0.15
MAX 117.22 334.93 0.37 040 1.04 0.41
MEAN 74.40 212.59 0.22 0.26 0.63 0.25

Table 3: Comparison of specific activity and risk indicators with other countries of the world.

Specific Activity Radiological Index
Country Ra226 Th-232 K40  Rao, s I, H.. Reference
Nigeria 18.00 22.00 210.00 65.63 0.21 0.18 (Agbalagba and Onoja, 2011)
Najaf 5.50 9.05 332.92  44.08 0.13 0.09 (Hussain and Alzhraa, 2017)
Nigeria(Ogun) 2549  64.89  181.38 134.97 0.07 0.36 (Adewoyin et al., 2022)
Iraq 58.80 42.38 1025.35 198.37 0.73 0.53 (Hasan and Majeed, 2013)
Turkey 85.75 51.08 771.57 85.75  1.60 0.59 (Dizman et al., 2016)
Saudi 23.2 7.73 278.00  23.19 045 0.15 (Alshahri and El-Taher, 2019)
Pakistan 69.50 123.68 453.60  281.27 0.14 0.75 (Khan et al., 2020)
India 36.12 50.45 315.35 130.33 0.48 0.36 (Suresh et al., 2020)
Congo 25.14 18.16 46.15 64.70 0.44 0.17 (Diahou et al., 2022)
China 38.00 57.60 838.00 184.89 0.62 0.50 (Zigiang et al., 1988)
Egypt 12.88 12.33 445.33 66.36 0.24 0.04 (El-Araby et al., 2021)
Malaysia 37.00 53.00 293.00 135.35 043 0.37 (Alzubaidi et al., 2016)
Iran (Sareband)  37.27 43.18 604.05 14891 0.49 0.39 (Pourimani et al., 2017)
Iran (Shazand) 23.99 31.74 461.09 108.08 0.73 0.29 (Mohebian and Pourimani, 2020)
Iran 10.99 35.36 324.20 88.64 0.63 0.22 Present study
dose rate was higher in the southeastern part of the city. that, in general, the amount of radiation and the doses
The Borujerd is a mountain city where the kind stones are absorbed was lower than the global average and do not
igneous and sedimentary that causing in some regions the pose a threat to human health.

radioactivity to increase or decrease. This study showed

o7
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Figure 3: Comparison of the radium equivalent activity value of this study with other countries.
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Figure 4: Comparing the gamma index of this study with other countries.

Figure 5: Radium distribution in Borujerd city in Iran.
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Figure 6: Dose map assignment of Borujerd City in Iran.

4 Conclusions

The study examined the radioactivity of soil samples in
the city of Borujerd. The amount of natural radioactive
elements was below the global average, and cesium was
not detectable in most samples. Radiological parameters
of soil samples were calculated and maps of radium dis-
tribution and absorbed dose in the air were drawn with
the use of GPS software. The quantities of radiological
parameters were lower than the global values, and in this
sense, the existing nuclear radiation does not pose a threat
to the city’s inhabitants.
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