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ARTICLE INFO ABSTRACT

Keywords: This work focuses on evaluating the potential health hazards posed by natural radionuclides in soil samples

Soil collected from 20 different sites in the Albyda area, Yemen. The activity concentrations of 226Ra, 232Th and *°K

Radionuclides concentration and radon exhalation rates in the soil samples were investigated. Alpha GUARD detector was used to estimate

gg;};arigARD 222Rn concentration, while activity levels for natural radionuclides were measured by HPGe detector. The

Radon exhalation rate average values obtained for 226Ra, 232Th, and *°K were 27.60 & 2.40 Bq/kg, 35.07 + 2.45 Bq/kg, and 544.71 +
48 Bq/kg, respectively, and for >’Rn concentrations were 135 + 15 Bq/m°. Our findings show that the con-
centrations of radionuclides were within the limits of the world average established by UNSCEAR, except the
concentrations of “°K, which was slightly higher than the world average (420 Bq/kg), while the average 22?Rn
concentration was lower than the ICRP reference level of 300 Bq/m°, and the average area exhalation rate 3.46
x 1075 Bg m 2 s~ was lower than the UNSCEAR world average of 0.016 Bq m 2 s7L. Therefore, the soil in this
study does not pose any radiological hazard to the population due to the harmful effects of ionizing radiation.
The results of the current study highlight the potential health hazard posed by radon and radioactivity levels in
the soil samples from Albyda area, Yemen, which will help to increase awareness of the radiological hazard and
the data could also be used as a reference for future research on radioactivity mapping in the study area.

1. Introduction

Primordial radionuclides such as radium, thorium, and potassium,
along with their daughter gas radon, are widely distributed in the
Earth’s crust. Most of the radioactivity in soils comes from the radio-
active decay of 238U (55.8 %), 232Th (14.8 %), and “°K (13.8 %). Natural
radiation accounts for the majority of the world’s radiation exposure
[1-3]. The two main ways in which humans are exposed to natural ra-
diation are through the external pathway, which results from gamma
emission, and the internal pathway, which results in part from radon gas

and its decay products, which are alpha particle emitters [4-7].

222Rn is radioactive gas that occurs naturally in the Earth’s crust as a
result of the alpha decay of 22°Ra, a component of the 233U decay series
[8-10]. Most human exposure to (??’Rn) comes from the soils and rocks
underneath buildings [11-13], variety of factors can affect the amount
of radon in the soil, including soil types, climatic conditions, and
weather patterns [14,15]. Radon has become a potential threat to
human health because it has a density greater than that of air and can
penetrate rock, soil, and basements, as well as water supplies from wells
due to its substantial solubility in water. Radon decay products such as
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218po, 219Bj, and 2'*Pb can enter the body through ingestion of
contaminated well water or absorption into dust particles and then be
inhaled into the lungs [16,17].

There are three processes by which radon can escape from soil and
enter the atmosphere [9,11,18,19]. Initially, radon atoms were emitted
into the pore space between the grains as a result of the decay of radium
released from the grains. The radon emission coefficient is the fraction of
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radon atoms released from radium-bearing grains into the intergranular
space as a result of radium decay. The second step is the movement,
diffusion, and convection of radon atoms from the grains to the soil
surface through the soil matrix, and the final step is the exhalation of
radon atoms that move to the soil surface into the atmosphere.

Radon atoms have poor diffusion characteristics within solid mate-
rials, which means that they are difficult to release into the atmosphere
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Fig. 1. (a) Location study of area, (b) the distribution of soil samples.
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when contained within solid grains [20,21]. On the other hand, the
gases can be completely dispersed in the top layer of soil and enter the
atmosphere as soil gas if they are found in the spaces between the soil
particles. Radon is more than 7.5 times denser than air and more than
100 times denser than hydrogen, so it tends to be found in lower areas of
the home and basement. Radon is present in the atmosphere near the
ground due to seepage from soil and rock [22,23].

Studies have shown a significant association between high levels of
radon gas in residential areas and an increased risk of developing lung
cancer. Radon’s short-lived decay products can become trapped in lung
tissue, releasing alpha particle energies that contribute to the develop-
ment of radiogenic lung cancer [24-27]. In fact, research has identified
radioactive radon gas as the second most significant contributor to the
development of lung cancer., following closely behind tobacco smoking
[28,29] Therefore, it is crucial to accurately assess radon concentration
levels to evaluate the radiological hazards from this gas. The primary
objective of this investigation is:

1 To measure and evaluate natural radioactivity levels and radon
exhalation rates in soil samples from the Al-Baydha region of Yemen.

2 To assess the possible threat to the local population and environment
from radioactive contamination, we measure the radon 2*?Rn exha-
lation rates and analyze the concentrations of radionuclides such as
40K, 232Th, and 2?°Ra.

3 To ensure public safety and guide the safe use of these soils in con-
struction and agriculture, this research provides critical baseline data
for the radiological characterization of the area. The results will
serve as a reference for future research and radiological mapping
initiatives in Yemen, furthering our understanding of naturally
occurring radioactive materials (NORM) and their impacts.

2. Material and methods
2.1. Study area and geological setting

The governorate of Al-Baydha is located in the center of Yemen,
about 267 km south of Sana’a, at an elevation above sea level. With a
total of 20 districts, the capital of the governorate is the city of Al-
Baydha, located at a latitude of 13.9889146 and a longitude of
45.5771002. Al-Baydha shares its borders with eight other governorates
in Yemen, the Ma’rib and Shabwa governorates from the north, and
parts of the Shabwa and Abyan governorates from the east. Parts of
Abyan, Lahj, and Al Dhalea governorates from the south, and parts of Al
Dhalea, Ibb, and Dhamar governorates from the west. Fig. 1 shows a
location map of the study area. The Republic of Yemen is located in the
southern region of the Arabian Peninsula. The land of Yemen is pre-
dominantly rocky, with rocks that date back to before the Cambrian era.
Some of these Cambrian rocks are even older, dating back to about 3
billion years ago. Geologically, Yemen is part of the Arabian Shield. The
main occupation of the residents of the governorate is agriculture, with
the governorate contributing 6.4 % of the total agricultural output of the
republic. The main crops grown include vegetables and cash crops,
along with some handicrafts and traditional industries.

2.2. Samples preparation

Surface soil samples were collected from various locations within the
study area using a stainless steel sampler at a depth of 0-5 cm. To obtain
the desired size enriched in heavy minerals, the samples were crushed
and passed through a 1 mm mesh. To eliminate any significant moisture,
all samples go through an oven at 110 °C for 24 h. The weighed samples
were placed in cylindrical polyethylene beakers, these beakers were well
sealed to stop the leakage of 222Rn from the samples. The beakers were
stored for four weeks to ensure the establishment of a stable equilibrium
between radium, thorium and their respective decay products [30].
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2.3. Radioactivity measurement

All samples collected for gamma spectrometry were analyzed using
an HPGe detector (Canberra, model GR4020) with a relative efficiency
of 40 % for a 3" x 3" Nal (T1) detector and an energy resolution of 2 keV
at the 1332 keV gamma of ®°Co. Sample analysis was performed at the
Nuclear Physics Laboratory, Department of Physics, Faculty of Science,
Assiut University, Egypt. The lead well that housed the detector was
shielded with a 6.22 cm thickness and internally lined with a 0.6 mm
carbon composite. A spectroscopy amplifier (Canberra, model 2002CSL)
was connected to the detector output. The point sources of >*Ba, ®°Co,
137Cs, 5*Mn, 22Na and %°Zn were used for the energy calibration of the
system, the calibration was facilitated by the LabSOCSs (Laboratory
Source less Calibration Software) installed in the spectrometer. Genie
2000 software from Canberra, USA was used for spectral analysis. The
measurement duration was set to 28800 s for both activity and back-
ground. The radionuclides 2Ra were determined from the gamma peak
of %Pb (351.9 keV) and the 609.3 keV, 1120.3 keV, and 1764 keV
gamma peaks of 21*Bi. The estimate of 2>Th was made from a gamma
peak of 228Ac 911.2 keV, a gamma peak of 2!2Pb 238.6 keV, and the
2614 keV gamma ray from 2°®T1. Finally, “°K levels were determined
from the 1461 keV gamma peak. The activity concentration (S) values
for the 226Ra, 232Th series and “°K found in the samples can be calculated
from the equation [31]:

Cn

S (Ba/ke) Ttox Iy (Ey) x € (Ey) x M )

Where then number of energy peaks after background subtraction is
denoted as C,, where t. is the time of measurement (second), Iy (Ey) is
the probability of gamma rays emitted at energy Ey, while ¢ (Ey) is the
absolute detector efficiency at energy Ey. Finally, M is the mass of the
sample to be measured (kg).

2.4. Radiological health risks assessment

Radium equivalent activity (Raeq) is a specified index used to
compare the individual radioactivity of materials containing different
radionuclides U (Ra), Th, and K. (Raeg) is calculated based on the
equation that 370 Bq/kg of Radium-226, 259 Bq/kg of Thorium-232, or
4810 Bq/kg of Potassium-40 gives an equivalent gamma dose rate [32].

Raeq (Bq/kg) = Sra + 1.43 Sty + 0.077 Sy (2)

Where Sg,, Sth and Sy is the specific activities in Bq/kg.

Two additional indices are calculated to assess external (Hex) and
internal (Hj,) radiation risks. The determination of Hey is based on the
radium equivalent activity with a maximum value of 1, which corre-
sponds to the upper limit of Raeq (370Bq/kg). These indices should be
less than 1 to ensure that the radiation risk remains negligible. Hey is
defined as [33,34]:

Hex = (Sra /370) + (Sth/259) + (Sk/4810) 3
The internal hazard index Hj, was calculated by the equation:
Hin = (Sra / 185) + (Sth / 259) + (Sx/ 4810) C)

In order to assess external exposure to radionuclides, UNSCEAR (2000)
calculated the absorbed dose rates in the open air due to gamma rays in
the air at 1 m above the ground. The conversion factors used for this
calculation correspond to 0.462 nGy/h for Radium-226, 0.621 nGy/h for
Thorium-232 and 0.0417 nGy/h for Potassium-40 per unit activity
concentration (Bq/kg) [16,35].

D,ir (nGy/h) = 0.462Sg, + 0.621 Sty + 0.042S, 5)

Where Sga, Sth, and Sy are the activities concentrations of 226Ra, 232Th,
and “°K in Bq/kg, respectively.
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To determine the annual effective dose rates outdoors, we considered
the conversion coefficient of 0.7 Sv/Gy, which converts absorbed dose in
air to effective dose. In addition, we used the outdoor occupancy factor
of 0.2, as recommended by UNSCEAR (2000). Thus, the annual effective
dose rate (mSv/y) was estimated from the formula [36,37]:

AED (mSv/y) =D (nGy/ h) x 8760 h x 0.7 x 107 (Sv/ Gy) x 0.2 (6)

2.5. Radon concentration measurement

The Alpha GUARD serves as a portable device for assessing the levels
of radon concentration in the atmosphere. It is designed to detect air
radioactivity by allowing gas diffusion through glass fiber filters in the
ionization chamber. This device is appropriate for continuous radon
measurements, covering a measurement range of 2.0 x 10° Bq m
(Alpha GUARD, 2012). For analyzing radon concentration in soil sam-
ples, the Alpha GUARD PQ 2000 PRO radon monitors, agricultural soil
samples and Alpha pumps are utilized. The levels of radon are monitored
every 10 min over a around 180 min. A container with about 300 g of the
sample is utilized and this process is repeated multiple times for better
accuracy. The flow rate of the pump is set at 0.05 L min~!. An Alpha
GUARD monitor is used to measure the radon concentration Cg, (t) as
the radon inside the chamber grows. The equilibrium radon concen-
tration (Bq m‘g) for samples, which is the constant radon concentration
in the enclosed space is evaluated using equation (7),

Cra (t) (Bq m™3) = Ceq (1- exp (-A1)) %)

Where the concentrations of radon at time t (Bq m ) are denoted as Cgrn
(t), t is the accumulation time of the radon released from the sample
[20].

The annual effective dose from inhalation of radon gas (AIED) was
calculated to measure the amount of radiation exposure to the lungs
from breathing radon gas from the soil using the equation [38]:

AIED (mSv/y) = Ceq x M x F x (DCF) (8)

Where Cp;, is the radon concentration in soil, the equilibrium factor or M
is a measure of how well the concentration of radon daughters in air
matches the concentration of radon gas and is equal to 0.6. F is the world
average outdoor occupation factor (1760 h/y) and the dose conversion
factor (DCF) is represented by 9 nSv/Bq h rn’s, which means that for
each Becquerel of radon per cubic meter of air, adults receive an effec-
tive dose of 9 nSv/h to their lungs.

The radon surface exhalation rates and mass exhalation rates for
each sample were calculated using the formula given in equations 9 and
10 [20,39].

Ceg X VX A
-2 -1\ _ ~eq
E, (Bqm™s )7—A 9)
_ Ceqg X VXA
E, (Bqkg's)==¢" "~ 1
(Bakg ' s) i (10)

Where V is the volume of the chamber, A is the decay constant of radon
(2.1 x 107 %s ’1), A is the total surface area of the sample, and M is the
mass of the sample in kilograms.

3. Results and discussion

The 222Rn activity levels, mass exhalation rates and surface exhala-
tion rates in the soil samples from the Al-Bayda region are presented in
Table 1. The 2*2Rn activities varied from 14 + 1.6 Bq/m°> to 255 + 18
Bq/m® with a mean value of 135 + 15 Bq/m®, the surface exhalation
rates (E,) ranged from 0.36 x 107> to 6.55 x 107> Bq m %!, with a
mean value of 3.46 x 10> Bq m ™2 s™!, while the mass exhalation rate
(Eq) varies from 0.17 x 1077 to 3.21 x 1077 Bq kg™! s~! with a mean
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Table 1
Radon concentration and radon exhalation rate in soil samples collected from Al-
Bayda governorate area.

Sample Ceq (Bq/ Exhalation rate E, (qu’2 Exhalation rate E, (qug’1

code m?) sHx107° sHx1077

S1 61 +8 1.56 + 0.14 0.76 + 0.04

S2 123 + 3.16 £ 0.25 1.54 £ 0.12
12

S3 230 + 5.91 + 0.53 2.89 + 0.29
33

S4 184 + 4.73 £ 0.51 2.31 +£0.15
15

S5 144 + 3.70 + 0.35 1.81 +0.16
11

S6 109 £ 2.80 £ 0.28 1.37 £ 0.17
14

S7 147 + 3.78 + 0.48 1.85 +0.13
13

S8 124 + 3.18 + 0.46 1.56 + 0.10
15

S9 142 + 3.63 + 0.39 1.78 £ 0.11
17

S10 130 + 3.34 + 0.47 1.63 + 0.14
11

S11 104 £ 2.67 £ 0.31 1.31 £ 0.10
10

S12 237 + 6.09 + 0.67 2.98 +0.21
14

S13 120 £ 3.08 £ 0.29 1.51 £ 0.11
14

S14 14+1.6 0.36 +0.15 0.17 + 0.09

S15 255 + 6.55 + 0.68 3.21 £ 0.41
18

Si6 42+1.8 1.085+0.11 0.52 + 0.54

S17 241 + 6.19 £ 0.74 3.03 £ 0.56
22

S18 142 + 3.65 + 0.54 1.78 £ 0.11
19

S19 128 + 3.29 + 0.48 1.61 +0.13
13

S20 20+ 2.6 0.514 + 0.12 0.25 £ 0.23

Average 135 + 3.46 + 0.43 1.69 + 0.12
15

Min 14 0.36 £ 0.15 0.17 + 0.09

Max 255 6.55 + 0.68 3.21 + 0.41

value of 1.69 x 1077 Bq kg~'s™L. The mean 2??Rn concentration in the
analyzed samples was found to be below the ICRP recommended
reference level of 300 Bq/m®, and the mean surface exhalation rate 3.4
x 107° Bq m~2 s7! was less than the world limit (0.016 Bq m~2 s 1)
given by (UNSCEAR, 2000). The rate of radon release should be influ-
enced by the levels of U and Ra present in the soil. However, it is also
influenced by several other factors such as permeability, porosity, den-
sity and grain size [40].

Table 2 shows the activity concentrations of 22°Ra in the soil sam-
ples, which ranged from 19.83 + 1.21 Bq/kg to 36.21 + 1.35 Bq/kg
with a mean value of 27.60 + 2.40 Bq/kg. The highest concentration of
226Ra was found at sample code (S15) with 36.21 + 1.35 Bq/kg corre-
sponding to the highest 222Rn concentration at the same location of 255
+ 1.4 Bq/m°>, and the second highest radon level of 241 + 1.5 Bq/m°is
associated with the second highest radium content of 35.34 &+ 1.45 Bq/
kg found at sample code (S17). Sample code (S14) showed a lower radon
concentration compared to others with similar radium content, which
means that the correlation between 222Rn and ?2°Ra activity concen-
trations in the soil is unclear. In this case, as the soil dries, radon atoms
are released from the soil grains as a result of the decay of radium on the
mineral surfaces; this release occurs because of the significant kinetic
energy (86 keV) possessed by the radon atoms. If the pores are small
enough, the radon atoms can escape through them and attach to
neighboring grains. Consequently, the 222Rn concentration tends to be
low. The correlation between ?>?Rn concentration and 2?°Ra activity
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Table 2
Activity concentrations of>?°Ra,?*?Th and*’K (Bq/kg) in soil samples from Al-
Bayda area.

Sample latitude Longitude Activity concentration (Bq/kg)
code 226p, 2327y 4o
S1 13°5834.57'N  45°34'34.49E  24.25 + 33.97 + 526.33
1.24 1.42 + 14
S2 13°58'23.44'N 45°34'26.34'E 24.70 + 33.91 + 519.97
1.58 1.87 + 18
S3 13°5820.70'N  45°3426.37'E  35.15 + 40.6 + 487.88
2.5 2.25 + 22
S4 13°58'19.39'N 45°34'27.95'E 31.35 + 36.15 + 556.19
2.1 1.92 +28
S5 13°5817.45'N  45°3425.15'E  26.75 + 32.6 £ 545.68
1.9 1.71 + 33
S6 13°5815.51'N  45°3422.03'E  25.27 + 32.39 + 528.58
1.5 2.05 +28
S7 13°5813.31'N  45°3424.75'E  27.70 + 32.38 + 515.63
1.6 1.68 + 33
S8 13°5815.84'N  45°34'15.68'E  26.80 + 34.95 + 566.36
1.5 1.71 + 39
S9 13°58'14.47'N 45°34'6.51'E 25.72 + 34.78 £ 518.57
1.45 2.3 + 44
S10 13°5819.08'N  45°34'37.70'E  27.93 + 34.12 + 528.01
1.8 2.14 + 47
S11 13°5826.15'N  45°34'50.25'E  23.99 + 33.56 + 591.07
1.8 2.14 +51
S12 13°58'35.64'N  45°35'10.24'E  30.41 + 35.61 + 566.14
1.75 1.87 + 44
S13 13°58'41.14'N  45°35'23.44'E  24.61 + 35.13 + 566.05
1.8 1.54 + 56
S14 13°58'45.40'N 45°35'35.53'E 28.53 + 379 + 568.02
1.63 2.54 + 38
S15 13°584.57'N 45°33'45.75'E  36.21 + 43.73 £ 582.02
1.35 2.87 + 54
S16 13°59'6.73'N 45°35'38.59'E  23.33 + 29.34 + 560.57
1.78 1.35 + 58
S17 13°59'9.12'N 45°3525.27'E 35.34 + 39.44 + 548.01
1.45 2.06 +51
S18 13°59'1.67'N 45°35'54.27'"E  28.53 + 39.02 + 551.28
1.4 2.14 +55
S19 13°59'10.27'N 45°36/'43.84'E 26.74 + 35.25 + 537.77
2.1 2.61 + 47
$20 13°5919.20'N  45°3823.79E  19.83 + 26.59 + 530.12
1.21 1.2 + 45
Average 27.60 = 35.07 + 544.71
2.40 2.45 +48
Min 19.83 + 26.59 + 487.88
1.21 1.2 + 22
Max 36.21 + 43.73 £ 591.07
1.35 2.87 +51

concentration in soil samples is shown in Fig. 2, a positive correlation
coefficient, R? = 0.70 is illustrated.

22T values in the soil samples ranged from 26.59 + 1.2 Bq/kg to
43.73 + 2.87 Bg/kg with a mean value of 35.70 + 2.98 Bq/kg, the
maximum value of 43.73 Bq/kg belongs to (S15) site, while the mini-
mum value of 26.74 Bq/kg is related to (S20) site, and for 40K values
ranged from 487.88 + 22 to 591.07 + 51 Bq/kg with an average value
of 544.71 + 22.18 Bq/kg, the maximum value was 591.07 Bq/kg be-
longs to (S3) location, while the minimum value of 487.88 Bq/kg is
related to (S11) location as shown in Table 2. Table 1 shows that the
concentration of 2?°Ra in all activities of the investigated samples is
significantly lower than the global average (33 Bq/kg) reported by
(UNSCEAR, 2000), except for sample codes (S3 and S15). For 232Th
levels, all samples show lower levels than the world average (40 Bq/kg)
reported by UNSCEAR (2000), except for sample code (S15). Also, all
samples had values of *°K slightly higher than the world average of 420
Bq/kg [41]. The high *°K activity observed in all samples could be
attributed to the agricultural practices in the area and the widespread
use of potassium rich fertilizers. The concentrations of 2*2Th were found
to be higher than those of ?2°Ra in all samples studied, which is
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Fig. 2. Correlation between radon and radium concentrations in soil.

consistent with the higher abundance of 232Th radionuclides in the
Earth’s crust (7.4 pg/g) compared to 28U radionuclides (2.8 pg/g) [41].
Furthermore, the levels of “’K in the soil were observed to be higher than
those of 22Ra and 232Th, reflecting the well-known fact that potassium
is present in the earth’s crust in percentage levels, while uranium and
thorium are found at the ppm level [42]. The soil samples examined do
not pose a radiological hazard to the population due to the harmful ef-
fects of ionizing radiation from the radionuclides in the soil. Fig. 3 (a, b,
c)shows the distribution of activity levels for 226Ra, 232Th and *°K in the
investigated region. The activity levels of 23U, 232Th, and “°K show an
atypical distribution characterized by normal modes. A multivariate
statistical method was used to analyze statistical data and generate
histograms. IBM SPSS version 21.0, a commercial statistical program,
was used for these methods. The Kolmogorov-Smirnov (KS) test was
used to determine whether the distribution of results was normal, as
shown in Table 3. Since all test p-values were less than 5 %, it can be
concluded that the distribution of naturally occurring radionuclide ac-
tivity in soil samples is normal based on the null hypothesis in the KS
test.

The assessment of radiation health risks to both humans and the
environment is of paramount importance. These risks are quantified
using various parameters such as “radium equivalent activity” (Raeg),
“absorbed dose rate” (Dyj), “outdoor annual effective dose” (E), and
“external and internal hazard index” (Hex and Hj,), the values of which
are given in Table 4. The Raeq values ranged from 98.67 to 143 Bq/kg
with a mean value of 120 Bq/kg, all Raeq values obtained in the soil
samples are below the world limit of 370 Bq/kg [41]. The values of Heyx
and Hj, for the investigated samples ranged from 0.28 to 0.38 and from
0.32 to 0.48, respectively, Hi, and Hey values must be less than one. The
absorbed dose rate in nGy/h ranged from 47.282 to 63 nGy/h with a
mean of 56.42 nGy/h. The average value of the absorbed dose rate in the
investigated soil samples is consistent with the world average value of
59 nGy/h [41]. The average annual effective dose ranges for all samples
were 0.05-0.08 with a mean of 0.69 mSv/y, which is consistent with the
worldwide limit (0.07 mSv/y) [41]. Thus, our results are in good
agreement with those found worldwide. The exposure of the local
population in the study area was evaluated by calculating the annual
inhalation effective dose (AIED), taking into account the 222Rn levels in
the soil surface. The AIED values in the study area ranged from 0.19 to
2.42, with a mean value of 1.28 mSv/y, as shown in Table 4. The results
suggest that the mean AIED exposure from radon gas inhalation in the
general population is slightly higher than the global annual average
effective dose of 1.26 mSv/y given in the UNSCEAR (2000) report and
the recommended dose limits of 1 mSv/y set by ICRP.
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Fig. 3. Frequency distribution analysis and Q-Q plot of >?°Ra, 2**Th, and “°K in the soil samples from Al-Bayda governorate area.

Table 3
Results of Kolmogorov-Smirnov (KS) normality test.

Radionuclide Kolmogorov-Smirnov*
DF Statistic Asymp. Sig. (2 tail)
226Ra 20 0.17 0.57
232Th 20 0.14 0.79
40g 20 0.12 1.00

3.1. Pearson correlation analysis (PC)

In order to find strong relationships and linear correlations between
radionuclide levels and radiological risk indicators in soil samples, the
study used Pearson correlation analysis. The results showed that the
analyzed parameters have different categories based on their linear
correlations. The different categories correspond to different degrees of
correlation: the first category indicates a low correlation (0.00-0.19),
the second category indicates a moderate correlation (0.2-0.39), the
third category indicates a significant correlation (0.4-0.79), and the
fourth category indicates an incredibly strong correlation (0.8-1.00)
[43]. Table 5 lists the correlations between the observed experimental
parameters, all of which are positive. The results suggest that the ra-
dionuclides found in the samples are naturally occurring and are not
influenced by external forces affecting their distribution in the envi-
ronment. In particular, there is a low correlation between *°K and both
22Ra and 2%2Th in the investigated soil samples, as well as a significant
positive correlation between the activity levels of 22°Ra and 232Th

Table 4

40K

Radium equivalent activity, Raeq, absorbed dose rate (D), annual effective dose
(AED), external hazard index, Hey, and internal hazard index, H;,, and annual
inhalation effective dose (AED) for soil samples from Al-Bayda area.

Sample code Raeq (Bq/Kg) Hey Hj, Dair (nGy/h) AED AIED
S1 113.35 0.30 0.37 53.66 0.065  0.57
S2 113.22 0.30 0.37 5357 0.065 1.16
S3 130.77 0.35 0.44 61.10 0.074 2.18
S4 125.87 0.33 0.42 59.51 0.072 1.74
S5 115.38 0.31 0.38  54.80 0.067 1.36
S6 112.28 030 0.37 53.28 0.069 1.03
S7 113.70 0.30 0.38 53.85 0.066 1.39
S8 120.38 032 0.39 57.10 0.070 1.17
S9 115.38 0.31 0.38  54.51 0.066 1.34
S10 117.37 0.31 0.39 55.53 0.068 1.23
S11 117.49 0.31 0.38 56.00 0.068 0.98
S12 124.92 0.33 0.41 59.16 0.072 2.25
S13 118.43 0.31 0.38  56.19 0.068 1.14
S14 126.46 0.34 0.41 59.75 0.073 0.133
S15 143.55 0.38 0.48 67.41 0.082 2.42
s16 108.45 0.29 0.35 51.87 0.063  0.399
S17 133.93 0.36 0.45 63.00 0.077 2.29
S18 126.77 0.34 0.41 59.73 0.073 1.34
S19 118.55 032 0.39 56.00 0.068 1.21
S20 98.67 0.26  0.32 47.32 0.058  0.19
Average 119.7 0.33 0.39 56.6 0.069 1.28
Min 98.67 0.27  0.32 47.33 0.06 0.28
Max 143.56 039 049 67.41 0.08 0.41
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Table 5
Pearson correlation between natural radionuclides and the radiological hazard coefficients of the soil in the studied area.
226Ra 232Th 0K Raeq Hex Hin Dair AED ELCR
226Ra 1.00
Z32Th 0.88 1.00
40K 0.03 0.16 1.00
Raeq 0.93 0.97 0.30 1.00
Hex 0.93 0.97 0.30 1.00 1.00
Hin 0.96 0.95 0.22 0.99 0.99 1.00
Dair 0.92 0.96 0.34 1.00 1.00 0.99 1.00
AED 0.92 0.96 0.34 1.00 1.00 0.99 1.00 1.00
ELCR 0.92 0.96 0.34 1.00 1.00 0.99 1.00 1.00 1.00
(0.88). This suggests that these isotopes are present in the soil under 4
investigation, most likely as a result of natural decay chains. Together '
with the variables related to radiation hazards, the correlations between
225Ra and 2%2Th show a consistent pattern. The presence of 22°Ra and 12
232Th in soil samples suggests that these are the main radioactive series
sources of radiological hazards and gamma radiation emissions. 10
3.2. Hierarchical cluster analysis (HCA) % 08
k7]
&)
The cluster analysis in this study was performed using Ward’s )
method. Using Ward’s method, a relationship can be established be- £ 08
tween radioactive activity concentrations and radiological parameters,
which allows the Euclidean distance separating them to be calculated 04
[44]. Using a dendrogram, Fig. 4 shows two main clusters. 226Ra and
232Th are correlated with the radiological risk markers Raeq, Hex, Hin, -
D,ir, AED and ELCR are included in cluster I while 40K is included in
cluster II. The results of the Hierarchical Cluster Analysis (HCA) show | |
- e - . . . 00 .
that there is a significant correlation between soil radioactivity and a0 H, ELCR AED D, M. FRaeq %  “®ra

radium and thorium concentrations. The results are in agreement with
the Pearson correlation results.

4. Conclusion

The radionuclide contents and radon exhalation rates in soil samples
from Albyda area, Yemen were estimated in this work. The results
indicate that the mean activities of ?*Ra, 2*>Th don’t exceed their
corresponding mean activity values recommended by UNSCEAR, except
for “°K values which were slightly higher than the permissible limits, the
radon concentrations and exhalation rates in soil were within the
agreement limit recommended by (ICRP), which is (300 Bq/m® and 1.28
mSv/y), and the calculated radiological hazards were also within the
world average values. Our results show that all the studied soil samples
can be considered safe and do not pose any radiological hazards to the
population. Thus, the studied soils are considered suitable for use as
agricultural fields and building materials. Multivariate statistical anal-
ysis shows a correlation between the calculated radiological parameters
and the levels of the studied radionuclides in the soils. This is the first
study in which the radioactivity levels and radon exhalation rates in the
soil of the Albyda area have been determined, so these results could be
used as a data base for a radiological map of this region.
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