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A B S T R A C T   

Radon is a radioactive gas produced from the uranium-238 series. Radon gas affects public health and is the 
second cause of lung cancer. The study samples were collected from one area of the city of Jazan, southwest of 
the Kingdom of Saudi Arabia. The influence of engineering and physical parameters on the emanation coefficient 
of gas and other gas parameters was studied. Parameters for radon were measured using a CR-39 Solid-State 
Nuclear Track Detector (SSNTD) through a sealed emission container. The results showed that the emanation 
coefficient was affected directly by the change in the grain size of the soil. All parameters of measured radon gas 
have the same behavior as the emanation coefficient. The relationship between particle size and emanation 
coefficient showed a good correlation. The values of the emanation coefficient were inversely affected by the 
mass of the sample, and the rest of the parameters showed an inverse behavior. The results showed that 
increasing the volume of the container increases the accumulation of radon sons on the wall of the container, 
which increases the emission factor. The rest of the parameters of radon gas showed an inverse behavior with 
increasing container size. The results concluded that changing the engineering and physical parameters has a 
significant impact on both the emanation coefficient and all radon parameters. The emanation coefficient affects 
the values of the radiation dose of an alpha particle.   

1. Introduction 

Radon is a noble gas produced from the uranium-238 series and is 
found in soil, air, and homes of all kinds. Radon and its offspring are 
dangerous and carcinogenic substances, which are one of the causes of 
lung cancer [1–4]. To protect against radon, it is necessary to study the 
factors that help in its spread, the way it migrates, and the processes of 
its generation [5–7]. Radon has a rebounding energy of up to 86 kV 
which helps it in the process of emanation, which is the process of radon 
releasing from solid rocks into pores filled with fluids. Part of the 
released radon can escape to the outside air with a half-life of 3.8 days, 
which is called radon emission. The number of atoms of radon gas that 
are released into the air to the number of atoms generated in rocks is 
known as the gas emission factor. The emission coefficient is affected by 
different parameters related to grain size, pores, and mass. 

There is some research that showed that the amount of gas released 
depends on the conditions and characteristics of the materials from 
which it is released, as it increases with the increase in the size of soil 
grains [8–13]. Another group showed that grain size has the opposite 

effect on the emission if it increased by more than 0.5 mm [14,15]. The 
United Nations Scientific Committee on the Effects of Radiation 
UNSCEAR (2000) indicated that the coefficients of radon emission from 
rocks ranged from 5% to 70% with an average of 20% [16]. Therefore, it 
is important to study the influence of various factors such as rock size, 
soil mass, and container size on the emanation coefficient of gas. 
Additional experimental validation is also required to confirm the re-
sults and to develop an experimental model that validates the results of 
theoretical models. 

Many prediction models have examined the effect of grain size on the 
emission factor, but the results are not reliable since they focused on the 
effect of emanation from only two grains and the pore space between 
them [17–20]. The macroscopic model was used, which includes the 
concept of grain size was unable to express the proportion of fractions 
resulting from radon under dry or water-saturated pore conditions. 
Radon emission may be expected to increase with increasing humidity 
because water increases the probability of capturing radon emanating 
from rocks [21]. 

The research uses the experimental method to validate the previous 
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theories and assumptions. One of the most important ways to measure 
radon and track its path is to use the CR39 solid-state detector. Where 
the alpha pathway resulting from radon decay is followed by monitoring 
the latent pathways inside the detector. The effect of all different pa-
rameters such as particle size, pores, emission container size, and mass 
on the radon emission coefficient are studied. Potential hazards can also 
be evaluated by examining exhalation rates and emission factors. 

2. Methods 

2.1. Sampling and analysis 

The research samples were collected from Al-Safa in Jazan City, 
located in the southwest of the Kingdom of Saudi Arabia. To avoid the 
effect of the difference in soil composition, the samples were collected 
with large granules (coarse soil). The soil was excavated to take the 
sample from the internal soil away from the external soil to avoid the 
effect of erosion factors. The sample was placed in a container to avoid 
the effect of any external factors on the sample during transportation. 
The soil was dried in an oven at a temperature of 123 ± 1 ◦C for 6 h, then 
the granules with equal diameter were separated using sieving. The 
samples were divided into three groups. The first group consisted of six 
samples (depending on the type of sieving and the available numbers in 
which they were separated) of different granules with diameters ranging 
from 85 to 900 μm. Each sample was placed in a cylindrical container of 
polystyrene with a size of 8.51 × 10− 4 m3. The rest of the samples were 
crushed and divided into two other groups. The second group had eleven 
samples weighing 800 gm. They were placed in containers of different 
volumes ranging from 1.51 × 10− 4 m3 to 18.0 × 10− 4 m3. The third 
group is twelve samples with different masses ranging from 200 to 1200 
gm, placed in containers for emission with a size of 8.51 × 10− 4 m3. The 
Solid-State Nuclear Track Detector SSNTD (CR39) is composed of strips 
that have been cut into squares of 1.5 cm x 1.5 and then placed in the lid 
of the container. The containers are covered with foil to prevent gas 
leakage or any external radiation from entering the container. The 
containers were stored in a dry place for 60 days to reach the radioactive 
balance between radon and its daughters. The detectors are collected 
and etched with NaOH with 6.25 N and a temperature of 70 ◦C for 6 h. 
The detectors are washed and dried, and the radioactive traces are 
measured using an optical microscope [1–4]. A full scan of the detector 
is done and 100 fields are read to avoid any errors in the measurement. 
An average of 100 values is taken and uncertainty is calculated for each 
point. 

2.2. Theoretical sides 

Calculating the radon equilibrium concentration is an essential step 
in emission calculation. The radon concentration in the emission 
chamber after the equilibrium period is the amount of radon accumu-
lated between the pore space of the soil. Radon equilibrium concentra-
tion Ceq (Bq/m3) can be calculated using the following equation (1) [4, 
22]. 

Ceq =
ρ

Kte
(1)  

where: te = t − 1− e− λt

λ is the effective exposure time in hours, t is exposure 
time, λ is the decay constant of radon, K is the factor of calibration of the 
SSNTDs detector and ρ is the track density. 

The radon emanation coefficient ƒ (%) is the ratio of the amount of 
radon escaping from soil pores to the amount of radon generated within 
the soil. The emanation from the radon-radium concentration of the 
studied samples can be calculated using the following equation (2) [23, 
24]. 

ƒ=
CeqV
CRa m

(2)  

where CRa is the Concentration of radium (Bq/kg), V is the effective 
volume of the can and m is the mass of the sample (kg). 

The radon exhalation rate for surface Ea (Bqm− 2/h) for the radon and 
the mass exhalation rate Em (Bq/kg.h) can be determined according to 
radon concentration using the relation 3 [1–4,25]: 

Ea =
C × V × λ

Ate
& Em =

C × V × λ
mte

(3)  

where A (m2) is the cross-section area, λ is the decay constant of radon. 
The annual effective dose AED (mSv/y) was calculated using equa-

tion (4): 

AED=C×D×F × T = 25.2C
(

mSv
y

)

(4)  

where C (Bq/m3), F, D (nSv per Bq/m3.h), and T (hy− 1) are the con-
centration of radon, the factor of indoor equilibrium between radon and 
its progeny (F = 0.4), the dose conversion factor (D = 9 nSv per Bq/m3. 
h), and time (T = 7008 hy− 1 indoors for a person) respectively [4,14]. 

The radioactive dose Deq (mSv/y) of an alpha particle from soil can 
be calculated using the radium values and the emanation coefficient ƒ 
using the following relationship 5 [26]. 

Deq = 0.003 ƒ × CRa

(
mSv

y

)

(5)  

3. Results 

3.1. Effect of grain size on different parameters 

Radon concentration and emanation coefficient are affected by 
different soil properties. Soil samples were studied with several different 
characteristics (grain size, mass, and volume of the emission bin). Fig. 1 
shows the relationship between the radon emanation coefficient and the 
grain size of soil. The results showed that the emanation coefficient was 
affected clearly by changing the grain size. The lowest value of the 
emanation coefficient was 5.130 ± 1.029% with the lowest grain size of 
85 μm, and the highest value was 22.101 ± 1.631% with the highest 
grain size of 900 μm. The extrusion factor increased sharply with grain 
sizes from 85 to 500 μm. The significant increase in radon emission is 
due to the increase in the grain surface, which indicates that much more 
emission is produced from the grain surface than from the inner atoms of 
the grain. Also, the extrusion coefficient starts to increase slightly with 
larger grain sizes. This is because when the grain size increases further, 
the outer grains cover each other as a result of increasing their size, 
which leads to a decrease in the outer surface responsible for the gas 
release, which leads to a decrease in emissions instead of increasing. 

The results of the current research showed a clear agreement with 
the results of other literature as shown in Table 1. In general, the size of 

Fig. 1. The relation between grain size and the radon emanation coefficient.  
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soil particles has a clear effect on the emanation factor. The results 
showed that the emanation factor increased with the increased grain size 
of the soil. This indicates that the emanation comes from the surface of 
the grains and not from the inside. The surface area of the soil particles 
affects the amount of emanation. 

Table 2 presents the relationship between the change in grain size 
and the different parameters of the soil sample. The results showed that 
the concentration of radon gas increased with the increase in grain size. 
Radon concentration changes from 169.860 ± 3.263 Bq/m3 with the 
lowest grain size to 226.480 ± 5.127 Bq/m3 with the largest grain size. 
The change depends on the proportions of uranium atoms present on the 
surface of the grains. The mean concentrations of radon in the samples 
were 199.350 ± 3.372 Bq/m3. Concentration values are within the 
internationally permitted limits of 200–600 based on the International 
Committee for Radiation Protection [27,28]. This indicates that the 
samples contain small percentages of uranium atoms that cause radio-
active contamination. That is, the size of the granules increases the gaps 
between the soil and thus helps in the escape of gas from the inner layers 
of the soil. 

Table 2 shows the annual effective dose and alpha dose resulting 
from the sample with the difference in the grain size of the soil. Also, 
there is a direct relationship between the size of the granules and the 
measured doses. 

The annual effective dose and alpha dose values changed from 4.330 
± 0.083 and 0.480 ± 0.009 mSv/y to 5.775 ± 0.131 and 2.762 ± 0.015 
mSv/y with an average value of 5.083 ± 0.086 and 1.701 ± 0.010 mSv/ 
y respectively. The alpha dose is not the total value of the dose, but the 
dose resulting from the surface atoms of the samples. The results showed 
that the different radon parameters were affected clearly by the change 
in the grain size of the soil. 

3.2. The mass of samples and different parameters 

Fig. 2A presents the relationship between the mass and emanation 
coefficient of radon gas in the studied soils. It was observed from the 
figure that the emanation coefficient was as high as possible with a small 
mass of 200 g and decreased with increasing mass. The results showed 

that the emanation values for the gas ranged from 50.961 ± 0.096% at 
the mass of 200 g to 8.493 ± 0.048% at the mass of 1200 g. It is clear 
from the results that the emanation coefficient is affected by the masses 
and that the emanation coming out from the outer surface of the soil is 
much higher than the radon emanating from the inner soil. The results 
are confirmed by the study conducted by Saad et al., 2018, as the results 
of the current research complement the results of the previous research 
[23]. 

Fig. 2B shows the results obtained in a previous study [23] and 
compares them with the current results. The comparison shows that the 
results of the previous study are complementary to the current results 
and are consistent with the results we obtained as shown in Fig. 3C. The 
emanation coefficient decreases with the increase in mass, which con-
firms that the emanation from the subsoil is much less than the 
emanation from the outer surface of the soil. 

The results also show that the best weight for studying radon gas and 
its quantity in the soil is with small weights, which start from 200 g. The 
gas emanating from the inner layers of the soil may be absorbed from the 
adjacent layers, and the possibility of its exit to the outside air decreases 
with the distance of the extrusion layer from the outer surface. 

Fig. 3A and B shows the relationship between surface and mass 
exhalation rate and the change in sample mass. The results showed that 
both the surface exhalation rate (Fig. 3A) and the mass exhalation rate 
(Fig. 3B) behave the same with the change in the mass of the sample. 
Surface and mass exhalation rates increase with increasing mass and 

Table 1 
Comparison between the results of Grain size for the current research and the 
results of another research.  

Grain Size 
(μm) 

The Radon Emanation Coefficient % 

Present work Reference 
[12] 

Reference 
[23] 

Reference 
[10] 

85 5.130 ±
1.029 

15 3.4 ___ 

160 8.029 ±
1.852 

25 3.5 10 

235 10.420 ±
0.909 

26 4 14 

540 21.739 ±
1.444 

28 4.8 18 

800 21.708 ±
1.058 

34 8.3 19 

900 22.101 ±
1.631 

35 12 17  

Table 2 
The values of radon concentration, and radiation doses with different grain sizes.  

Grain Size (μm) Ceq (Bq/m3) AED (mSv/y) Deq (mSv/y) 

85 169.860 ± 3.263 4.331 ± 0.083 0.481 ± 0.009 
160 184.015 ± 3.389 4.692 ± 0.086 0.816 ± 0.010 
235 198.170 ± 1.938 5.053 ± 0.049 1.140 ± 0.005 
540 205.248 ± 3.9215 5.234 ± 0.100 2.463 ± 0.011 
800 212.325 ± 2.597 5.414 ± 0.066 2.544 ± 0.007 
900 226.480 ± 5.127 5.775 ± 0.131 2.763 ± 0.015 
average 199.350 ± 3.372 5.083 ± 0.086 1.701 ± 0.010  

Fig. 2. a,b&c The relation between the mass and emanation coefficient% from 
the present study and Saad et al., 2018 [23]. 
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reach the highest value of exhalation rate at mass 0.9 kg with a value of 
825.421 ± 11.987 Bq.m/h and 3.694 ± 0.078 Bq/kg.h, respectively. 
The exhalation rates were sudden fall occurs at the mass of 1 kg and 
begins to stabilize and increase when it reaches 1.2 kg. 

Table 3 presents the change of different parameters of radon gas with 
the mass change of the sample. The results show that the highest value of 
radon gas concentration was 580.355 ± 12.242 Bq/m3 at a mass of 0.9 
kg, and the lowest value was 170.108 ± 22.070 Bq/m3 at a mass of 0.2 
kg, with an average value of 336.812 ± 12.645 Bq/m3. The concentra-
tion of gas increases with the increase in mass as a result of the increase 
in radioactive nuclei in the sample. The increase occurs in the first part, 
where the increase in mass results in an increase in gas-producing 

surfaces. That is, the inner layers do not have high pressure, which al-
lows gas to leak from the inside to the outside. At these points, there is a 
disturbance in the soil, which increases gas leakage and increases its 
concentration. In the second part concentration of radon decreases, as a 
result, the pressure of the surface layers on the inner layers, reduces the 
amount of gas escaping from the inside to the air of the emission 
container. In this part, the soil becomes in a state similar to that of soil 
compaction during construction, which confirms that the soil compac-
tion process is very necessary to prevent gas leakage from the inner 
layers. The radium concentration also exhibits the behavior of the 
daughter radon concentration. The radium concentration changes from 
5.975 ± 0.775 Bq/kg at mass 0.2 to 20.385 ± 0.430 Bq/kg at mass 0.9 
with an average value of 11.831 ± 0.444 Bq/kg. 

The value of the alpha dose resulting from the emission of radon gas 
behaves like the emanation coefficient, where the value changes from 
0.304 ± 0.002 mSv/y at the mass of 1.2 kg to 0.913 ± 0.002 mSv/y at 
the mass of 0.2 kg. The highest value of the annual effective dose was 
14.799 ± 0.312mSv/y at 0.9 kg and the lowest value was 4.338 ± 0.563 
at 0.2 kg. The results show that the mass of the sample has an effect on 
all the different parameters of radon gas, and it can be concluded that 
the best mass for studying the gas is between 0.3 and 0.7 kg, where the 
average values of radon gas concentration. It is also clear that com-
pacting the soil well and increasing the layers before construction re-
duces the escape of radon gas from the inside of the soil to the outside. 

3.3. Effect of air volume in can on different parameters 

Fig. 4 shows the effect of changing the volume of air inside the 
emission vessel on the emanation coefficient values of the gas. The 
values of the emanation coefficient change from 4.982 ± 0.225% at the 
lowest volume of 1.4 × 10− 4 m3 to 64.057 ± 2.888% at the largest 
volume of 18 × 10− 4 m3. The results show that the emanation coefficient 
of radon gas increases with increasing volume. This may be due to the 
increase in the accumulation of radon daughters on the container wall, 
which increases the emission. 

Table 4 shows the effect of increasing the volume of the container on 
the different parameters of radon gas (radon gas concentration, radium 
concentration, and radiation dose). The results showed that the highest 
concentration of radon gas was 580.355 ± 12.242 Bq/m3 with the 
lowest air volume and the lowest concentration was 113.240 ± 10.069 
Bq/m3 with the largest container volume with an average value of 
337.951 ± 13.469 Bq/m3. The results show that the concentration of the 
gas is adversely affected by the increase in the volume of the container, 
and it finds that the best size of the container is between 2.8 × 10− 4 to 8 
× 10− 4 m3. This volume gives the average value of the gas 
concentration. 

It was found that the emanation behaves the opposite of what was 
expected, as increasing the volume increases the emanation of gases. 

Fig. 3. a&b The relation between the mass of the sample and area and mass 
exhalation rate. 

Table 3 
The values of radon concentration, and radiation doses with different masses.  

The mass of samples (kg) Ceq (Bq/m3) AED (mSv/y) Deq (mSv/y) 

0.2 170.108 ±
22.070 

4.338 ± 0.563 0.913 ±
0.002 

0.25 174.390 ±
12.467 

4.447 ± 0.318 0.749 ±
0.001 

0.3 205.248 ±
13.925 

5.234 ± 0.355 0.734 ±
0.011 

0.4 226.480 ± 5.563 5.775 ± 0.142 0.608 ±
0.004 

0.45 298.564 ±
18.038 

7.613 ± 0.460 0.713 ±
0.002 

0.5 261.868 ±
14.722 

6.678 ± 0.375 0.562 ±
0.009 

0.7 523.735 ±
10.498 

13.355 ±
0.268 

0.803 ±
0.003 

0.8 552.045 ±
11.500 

14.077 ±
0.293 

0.741 ±
0.004 

0.9 580.355 ±
12.242 

14.80 ± 0.312 0.693 ±
0.004 

1 369.021 ± 5.752 9.410 ± 0.147 0.396 ±
0.003 

1.1 339.720 ±
11.690 

8.663 ± 0.298 0.396 ±
0.006 

1.2 340.215 ±
13.286 

8.675 ± 0.339 0.304 ±
0.002 

average 336.812 ±
12.645 

8.589 ± 0.322 0.629 ±
0.004  

Fig. 4. The relation between the air volume in the counter and the radon 
emanation coefficient. 
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Increasing the size of the emission container means increasing the sur-
face of the sample, that is, increasing the emanation of gases, and this 
was confirmed by the results. The accumulation of radon daughters on 
the walls and the increase in the sample surface caused a significant 
increase in the emanation coefficient. 

It was also found that the behavior between the volume of the 
emission container and the concentration of the gas was inverse. The 
results concluded that an increase in the emanation coefficient does not 
mean an increase in the concentration of the gas, but the volume of air in 
the emission container has a significant effect on the concentration of 
the gas. 

The radiation doses value changes with the change in volume. The 
highest value for an alpha dose was 1.210 ± 0.009 mSv/y at volume 12 
× 10− 4 m3 and the lowest value was 0.305 ± 0.001 mSv/y at size 1.4 ×
10− 4 m3 with an average value of 0.714 ± 0.004 mSv/y. The value of 
AED behaves like the radon concentration, where the value changes 
from 2.888 ± 0.257 mSv/y at the volume of 18 × 10− 4 m3 to 14.799 ±
0.312mSv/y at the volume of 1.4 × 10− 4 m3. Volume change affects 
different parameters of radon gas. 

4. Conclusion 

The samples were collected from the same soil from the city of Jizan, 
southwest of the Kingdom of Saudi Arabia. The CR-39 detector was used 
to measure the emanation factor values and all the different parameters 
of radon gas. The results showed that all radon parameters were affected 
by particle size, sample mass, and container size. 

The grain size of the soil affects the values of the radon emanation 
factor. The relationship between particle size and emanation coefficient 
was direct. There was an agreement between the results of the current 
research and those measured in other literature. Soil particle size 
influenced all radon parameters. The results concluded that the emission 
of gases is from the surface of the granules and not from the inner layers, 
as the contribution decreases with the distance from the surface. The 
results depended strongly on the particle size of the soil studied. This 
method developed in the study is important as it gives a picture of the 
effect of soil grain change on the emission factor. The granules that were 
studied were from small to medium, so it is recommended to study more 
with granules ranging from medium to very large. More studies should 
be done to develop an integrated approach on the extent of emissions 
that occur from soils in all their forms. 

Results for all parameters depend on changing the size of the emis-
sion container. The relationship between container size and emanation 
coefficient was direct. This is due to the increased accumulation of radon 
blocks on the wall of the container, which increases the emission of 
gases. It is concluded that increasing soil surface area significantly af-
fects radon emanation. A technique must be developed to choose the 
least area of the soil surface to build on to reduce gas emissions. The 
conical shape with a small base will be very useful when building. 

Further studies are recommended with larger volumes, especially for 
building soil. 

The relationship between sample mass and gas emanation coefficient 
was inversely related. All parameters were also affected by the sample 
mass change. The results concluded that the inner layers contribute a 
very small amount of the outer radon. Most of the emissions come from 
the surface and near-surface layers. It is recommended that the land be 
tamped well before using it in construction. 
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