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A B S T R A C T

In the present study, six water samples were collected from different locations in the Kingdom of Saudi Arabia and
another sample from the Zamzam site in Makkah city. The concentration of the radioactive isotope 222Rn was
measured using the electronic radon detector (RAD7). The comparative analysis study on these samples showed
that the average concentration value in all samples was 0.504Bq/L. The data analysis showed that the concen-
tration of 222Rn was ranged from 0.43 � 0.06 Bq/L to 0.57 � 0.060 Bq/L for all samples. These levels are below
the contamination threshold (11.1 Bq/L) recommended by the US Environmental Protection Agency (EPA).
Interestingly, Radon radioactivity levels were lower than those harmful to human health. The principal compo-
nent analysis (PCA) using (SPSS version 15) was used to reduce the four variables influencing the 222Rn activity
concentration to two variables: temperature (correlation coefficient, R2: 0.984) and the relative humidity (RH%)
(R2:-0.987). The increase in temperature reduces the solubility of 222Rn gas activity water and facilitates its
detection, whereas increased the RH% increases its solubility and decreases the detection level of 222Rn activity
concentration. The interaction between temperature and RH% does not affect the concentration of 222Rn.
1. Introduction

Radioactivity is a spontaneous process in which unstable atoms
transform into new nuclides by the emission of excess energy in the form
of alpha particles, beta particles, or gamma rays [1, 2]. Various radio-
isotopes are released into water from various industries, such as C-14,
Pb-210 (up to 80 years layers of sand and soil), Caesium-137 (a radio-
tracer for soil erosion and deposition and for low–intensity gamma
sterilization), and 241Am radioisotope (a smoke radioisotope detector)
[3]. The radioactive isotopes are abundant in the air, soil, drinking water,
and virtually every modern living area. Radioactive contamination is a
serious problem throughout the world. The polluted water with radio-
active isotopes can pose hazards to human health and the environment.
The radioactive pollution changes water quality that becomes unsuited
for the desired use and human consumption [4]. Radon gas (222Rn) is a
health hazard for individuals exposed to a long period of radiation. The
exposure of 222Rn comes mainly from buildings made of raw materials
containing radioactive isotopes, and soils containing radioactive iso-
topes. The closed and less ventilated places enhanced the pollution by
222Rn due to the little 222Rn leakage. The infected people exposed to
222Rn in closed places exceed by 5–10 folds the people in the aerated
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places, especially in winter and cold countries where the doors and
windows are closed for energy and warm air conservation. In that event,
222Rn leakage decreases, which increases its concentration and the ra-
diation dose to higher levels. Water and natural gas are other sources of
222Rn in homes where this inert gas enters through the water body and is
released into breathe air. Using 222Rn -contaminated water for bathing or
other household uses except drinking is not a problem because boiling
water and using it in cooking remove 222Rn. On the other hand, using
cold water contaminated with 222Rn causes many health problems [5].
The greater risk of 222Rn from inhaling air containing 222Rn is harming
the respiratory system, which could lead to trachea, bronchioles, or lung
cancer [1, 5]. The Kingdom of Saudi Arabia is a very important country
for Muslims all over the world. In concurrence with the disruption caused
by COVID-19, analysis of 222Rn gas in water samples is a necessity,
because a high level of 222Rn in water decreases the immunity of the
whole respiratory system and causes pneumonia [5]. The short-term
inhalation of 222Rn in the water while bathing can harm the lung cells
and decreases the defense ability of these cells to defend against the acute
infections by the COVID-19 virus, which disrupts the respiratory system
[5].
ry 2021
he CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

mailto:kaltham_88@hotmail.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heliyon.2021.e06057&domain=pdf
www.sciencedirect.com/science/journal/24058440
http://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2021.e06057
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.heliyon.2021.e06057


K.B. Aljaloud, M. ElBatouti Heliyon 7 (2021) e06057
The 222Rn radioactive decayed to the polonium element, yielding
readily highly energetic alpha particles after a very short half lifetime
of 3.83 days. The decay scheme of Thorium to Thallium yields 220Rn
radioactive isotope [6], while the decay scheme of Actinium produces
219Rn radioactive isotope [7]. Each decay chain has the name of the
parent radionuclide of a much longer half-life than other radioiso-
topes in the series. The secular equilibrium is achieved when the
activity of the daughter isotope equals the activity of the parent
isotope after nearly eight half-lives of the daughter. Hence, the con-
centration of daughter radioisotopes can be estimated by knowing the
concentration of the parent radioisotope.

The change in the rate of decay of the N-parent nuclei decreases
exponentially with time. Concerning half-life time, t1/2 (the time
required for the quantity of radioactive isotope to be reduced to one half
of its original value), 222Rn radioactive isotope produced from radioac-
tive series of Uranium (U-238) present in nature with very long t1/2. After
several disintegrations of U-238, the produced radioactive Radium
isotope (Ra-226) decayed giving Rn-222, and its decay series ended with a
stable Pb-206 isotope.

This study aims to determine 222Rn concentration in Zamzamwater in
comparison with that of other groundwater samples collected from
different locations in the Saudi Arabia Kingdom to test its suitability for
drinking across the world. In this context, we precisely determined in
batch experiments the average concentration 222Rn radioactive isotope in
Zamzam Al-Taher water and compared it to different groundwater
samples in Saudi Arabia.

Also, a comparative study was designed to compare the obtained
average activity concentration of 222Rn to those values reported of 222Rn
in different countries all over the world. Besides.

2. Methodology

2.1. Sample collection

A total of 7 water samples (one Zamzam water and six groundwater)
were collected within the study area. The samples were collected in
precleaned and sterile 250 mL plastic containers by first purging water
through pumping for 10 min, to ensure sample quality. The containers
were tightly closed to ensure the minimum 222Rn loss and no air contact.
Figure 1. Google map (GPS technology) of the different collecti
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The collected water samples during transporting were preserved in an
icebox, and the collected water samples were stored and refrigerated at 5
�C [8]. Although the collected samples are few, they are still enough to
represent that of the whole Kingdom. This is because the physicochem-
ical properties of water within the study areas are nearly the same. The
locations of the collected water samples, as illustrated in Figure 1, are
Al-Qassim region (Sample one, S1), North Buraidah (Sample six, S6),
Al-Basra Governorate located to the west of Buraidah (Sample two, S2),
and the Hail region(Samples four and five, S4 and S5). In addition to
sample three (S3), that was brought from the capital of Saudi Arabia,
Riyadh, specifically from the wells of Hafr Al-Aish.

Figure 1 showed the Google map of the locations of these cities
accurately [9].

All the samples were collected on the same day within 12 h of work
using automatic samplers, and have been analyzed in the next day to
sample collection. As soon as water samples were collected, all these
water samples were acidified by 1.0 M HCl immediately to avoid wall
adsorption on the collecting bottles. Generally, for the protection of any
222Rn radioactivity, glass bottles of the specified chemical compositions
prepared by RM El-Sharkawy [10], have been recommended for packing
drinking water.

2.2. Sample processing

All the tested water samples were prepared or processed before the
analysis as soon as reaching the Lab. The physicochemical parameters of
the collected water samples were monitored as follows: The acidity scale,
pH, of the collected water samples, was measured using an analytically
calibrated pH meter (Multi-parameter analyzer, model EIJKEL KAMP
18.28, Belgium). Then, the pH of water samples was adjusted to 4 using
1.0M HCl. The temperature was measured using an analytical ther-
mometer embedded in the electrical conductivity unit (Thermo Scienti-
fic, ORION 3 STAR conductivity Benchtop, U.S.A). This electronic
thermometer is soaked carefully in the water sample. The temperature
reading is taken after stabilization of the thermometer. The electrical
conductivity was measured using a calibrated electrical conductivity unit
(Thermo Scientific, ORION 3 STAR conductivity Benchtop, U.S.A). The
turbidity was measured using a calibrated HACH Turbidimeter (2100N).
The alkalinity of water samples was determined by the titration method
[6].
on areas of water samples (https://www.google.com/maps).
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2.3. The sample analysis

222Rn activity concentration along with the standard errors of the
coefficients was determined in the form of energy (eV) signals obtained
from the calibrated MDA detector.

The detection and quantitative measurement of radiation emitted
from 222Rn radioisotope in water samples were carried out. The 222Rn
activity concentration was radioassayed using a computerized multi-
channel radon detector (RAD7) connected to the silicon (Si) scintillation
detector. Before the measurement, the detector was calibrated using
appropriate sealed sources. The 222Rn activity concentration at the peaks
of the high applied voltage was recorded. The Si semiconductor is a very
sensitive radioactive RAD7 Electronic Radon detector. It is an advanced,
precise, and multi-purpose device used for measuring 222Rn in water,
continuously monitoring it in the air, especially inhaling air, soil, bull
emissions from materials and surfaces. The external appearance for the
multichannel RAD7 detector is operated by four main keys, according to
the selected test [9].

The Si semiconducting material converted α-radiation energy from
222Rn directly into an electrical signal amplified by an electronic circuit
and converted to a digital format. The RAD7 is a small data processor,
receives and stores the signal in the memory form spectral chart, has an
energy range (0–10) MeV. The interest appears at 6–9 MeV where 222Rn
and thorium decay are located. The observed spectrum divided by 200
channels in eight windows, and each channel has an energy level 0.05
MeV, i.e., RAD7 detector can specify the isotope of the electronic energy
distinction related to α-particles and hence distinguish 222Rn isotope
from (Po 218) by α-radiation (6 MeV) or Po-214 card (7.97 MeV). The
spectrum is printed by RAD7 windows A, B, C, D, as shown in Figure 2
[8].

At the start of the measurement, the memory of the detector was
empty. The number of the revolving of the last cycle must be less than 99
for 10 min, by connecting the drying unit in a closed loop with RAD7
detector, so the outside air passes through the dryer (Desiccant) and
returns to the interior. The airflow of the same way is passed through the
dryer (Durridge Co. Inc., 2015) to measure 222Rn concentration in water
samples. RAD7-H2O, a supplement to RAD7, is designed to detect the
222Rn in a water sample with high accuracy under a wide concentration
range. The readings were taken within 1 h after collecting the sample,
and after performing the cleaning of the detector probe, the moisture was
observed. If the relative humidity (RH%) is less than (60%), the test
started where the system set on the Grab (when measuring 222Rn con-
centration in water sample the pump put on Grab, i.e. 222Rn extracted
from the sample). The pump operates for 5 min by which 222Rn is drawn
from the sample and delivered to the measurement room, then the de-
tector stops and waits for more than 5 min to reach equilibrium and then
repeats for four cycles by 5 min for one session, thus the total test
duration is 30 min. At the end of each run, the RAD7 detector printed the
included summary (average left Ra, standard deviation, humidity, and
Figure 2. The display window of the alpha energy spectrum in RAD7 detector.
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the temperature). The operation number, the number of cycles, the graph
of the four cycles, and the accumulated spectrum. The 222Rn removal rate
of water in the air ring is very high 94% in a sample of 250 mL. The
schematic output charts for the activity concentration of 222Rn were
precisely obtained and the minimum detection activity for the radionu-
clide 222Rn has been measured within 0.07 Bq. L�1.

The RAD7 detector connected to a water sample, along with moni-
toring the activity of 222 Rn in air based on using air inlet and air outlet
with white and green color, respectively. The operation system of the
RAD7 detector was previously illustrated [8]. A RAD7 detector is a ma-
chine accelerating 222Rn at high voltage using an efficient filter and
aerator.

The accurate electronic 222Rn detector RAD7 continuously monitored
222Rn level in water samples. Figure 3 showed the experimental setup for
a connection of a water sample to the RAD7 detector until the equilib-
rium was established during the duration time during the radiometric
assay of 222Rn concentration [11].

The Sievert unit measures the biological effects of radiation on an
organism, depending on the nature of radiation and the exposed organs.
The Sievert unit is an equivalent or effective dose [12]. The most com-
mon unit is mL Sievert or 1000 Sievert. The effective exposure Sievert
dose (Sv.y�1) in water was calculated using Eq. (1).

DW ¼ CW.CRW.DCW (1)

Where Cw is the Radon concentration in a water sample (Bq.L�1), CRw is
the general consumption rate of an individual(1095 L y�1), DCW illus-
trated in Eq. (2) is a conversion factor for conversion dose of radon [8].

DCW¼ 5� 10�9Sv. Bq�1¼ 0.504x1095� 5� 10�9¼ 2.80� 10�6 Sy.y�1(2)

Different batch experiments were carried out under static conditions
to determine the concentration of 222Rn radioisotope in water samples
[13]. The relative standard uncertainty for each determination of 222Rn is
less than 10%.

3. Results and discussions

Table 1 clarified the experimental results for the measured level of
222Rn � standard error in the seven water samples at the specified con-
ditions of temperature (oC), relative humidity (RH%), and the duration
time. The standard deviation (�) in each reading of 222Rn level which is
the square root of the reading value of concentration decreases with an
increasing concentration and an increase in the collection time. All
standard deviation values (�) were recorded beside each concentration
and showed variation in the seven tested samples as RAD7 depends on
the Poisson distribution used to calculate the standard deviation [8]. The
mechanism of transferring samples (aerating, type of water flow, travel
time, and time of storage) is one of the critical reasons affecting the
measured results [14, 15]. These factors are the controlling variables
affecting the radioactivity of the 222Rn isotope. The standard deviation
and the standard error in the tested samples are all accepted. All the
physical and chemical properties of the tested water samples lie within
the normal range, such as pH (6.5–8); biological oxygen demand (BOD),
3–6 mg/L; chemical oxygen demand (COD), 30–34 mg/L.

Radon concentration in the tested groundwater samples (Zamzam
water and the other six water samples collected from different areas
within the Kingdom of Saudi Arabia) has been measured using RAD7-
detector. Table 1 represents the radon concentration levels and their
annual effective dose.

Table 1 summarized the specified experimental conditions (temper-
ature (oC), relative humidity (RH%), and the duration time for mea-
surement of 222Rn concentration in the seven tested water samples):

It can be seen from Table 1 that the radon activity concentrations are
in of 0.43 � 0.06 to 0.57 � 0.060 Bq/L with an average value of 0.504 �
0.06563 Bq/L which is below the average value of 11.1 Bq/L set by the
US Environmental Protection Agency (EPA) for drinking and bathing



Figure 3. The overview of the experimental setup of water sample connection to RAD7 detector [current study].

Table 1. Temperature (T oC), relative humidity (RH%), and duration time of the tested water samples; collection areas [14]; and the statistical analysis of the measured
222Rn level concentration in the tested samples.

Sample T(oC) (RH%) Duration time (d:h:min.) Location area Depth (m), Google map 222Rn concentration Bq/L

S1 28.5 35.7 0:3:43 600 26� 250 33 .600 N 0.430

43� 520 07 .400 E

S2 28.5 38.5 0:4:9 500 26o 170 04 .600 N 0.514

43o 500 42 .900 E

S3 28.6 34.9 2:0:15 500 25o 570 40.800 N 0.593

49o 290 63.900E

S4 27.2 41.5 1:21:1 350 27o 340 24 .800N 0.430

42o 080 52.600 E

S5 24.8 52.7 0:22:24 250 41o 390 57.600 N 0.503

27o 310 07 .600 E

S6 24.7 52.1 1:5:41 80 26o 300 06 .200 N 0.582

43o 430 21 .700 E

S7 (Zamzam water 24 53 1:0:20 30 21o 230 24 .500 N 0.582

39o 49022.100 E

Mean Sd� Se� Min. (Max.) Range Sum n

0.504 0.06563 0.0248 0.43 0.593 0.163 3.528 7

Figure 4. Histogram of 222Rn concentration in the various collected
water samples.
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water. Notably, Radon concentrations measured in different areas within
the Kingdom of Saudi Arabia along with Zamzam water were lower than
those harmful to human health.

Table 1 that contained all the experimental results in this study also
revealed that the activity concentration of 222Rn in each water sample is
controlled by the combined effect of temperature, and relative humidity
that affects the duration time taken by the sample to reach the steady-
state equilibrium for recording 222Rn by the detector. The other con-
trolling factors affect the concentration of 222Rn in water sample are
other water pollutants, such as total dissolved solids, total suspended
solids, heavy metals (e.g., Zn(II), Fe(II), Hg(II), etc.), organic matter, total
hydrocarbons, anions (e.g., sulfate, nitrate, phosphate), total alkalinity,
and nutrients [6].

The 222Rn level in the tested water samples was measured in terms of
Bq unit, the number of disintegrations of radionuclides per second, where
(1 Bq ¼ 1 disintegration/sec.) [15]. It was found that the highest con-
centration of 222Rn was in sample S3, where the recorded value was
(0.593 Bq/L). The lowest values found in the samples: S1 and S4 (0.430)
brought from the El-Qassim region. While the Zamzam water sample has
a moderate concentration level of 222Rn (0.476 Bq/L) between measured
the samples.

The groundwater at different locations absorbs different amounts of
radioactive 222Rn isotope when passing on the rock layers and soil. When
water flow or temperature is elevated, 222Rn escape. The solubility of
4



Table 2. The average 222Rn concentration in water for some countries [1]
compared to the average value in the current study.

Country 222Rn -concentration (Bq/
L)

Iraq 1.133

Turkey 0.091

Kuwait 0.74

Syria 13

Iran 0.21

Jordan 3.9

Khartoum 14.13

Algeria 7

Brazil 0.95

Italy 1.8

The average value of 222Rn concentration in the
Saudi Arabia Kingdom (current study)

0.504

Table 3. Varimax rotated component loading matrix for average water analysis
parameters.

Parameters Component

PC1 PC2

RH% -0.987 0.041

T 0.984 -0.108

Depth 0.943 -0.283

Duration time 0.044 0.904

C of Rn -0.400 0.653

Eigenvalues 3.209 1.122

Variance% 64.172 22.444

Cumulative variance (CV%) 64.172 86.617
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222Rn at the atmospheric conditions follows Henery-law, where it is an
exothermic process enhanced by lowering the temperature. Hence, the
concentration of 222Rn depends mainly on the following two factors:
Geology characteristics of water resource, and the handling of ground-
water (immediately or after a storage period). The water storage
decreased the concentration of 222Rn and there are various recom-
mended permissible levels of 222Rn in the drinking water [9].

Figure 4 showed histogram showing the comparative concentration
of 222Rn in the six tested samples in addition to the sample of Zamzam
water (sample 7):
Figure 5. The principle analysis component plot in rotated space for
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The trend of 222Rn concentration[222Rn ]in the tested water samples
follows the order: S3 (Riyadh from the wells of Hafr Al-Aish) > S6 (north
Buraidah)> S2 (Al-Basra Governorate located to the west of Buraidah)>
S5 (Hail region) > S7 (the sample of the King Abdullah project to Zam-
zam water > S1 (north Buraidah) ¼ S4 (Hail region).

All the studied regions have permissible concentrations of 222Rn
radioactive isotope, which referred to a low risk of lung cancer caused by
222Rn in the Saudi Arabia Kingdom.

The statistical computer program (Micro-calculation origin, version 6
was used to investigate the statistical parameters of the concentration of
222Rn in the seven water samples (n ¼ 7), the mean, standard deviation
(Sd�), standard error (Se�), minimum (min.), maximum (max.), and the
range were calculated [15].

The results of the current study were compared to the recently
reported 222Rn levels in other countries. Table 2 contains the average
of 222Rn concentration in water samples from eleven countries:
Newney-Iraq, Turkey, Kuwait, Syria, Iran, Jordan, Khartoum, Algeria,
Brazil, and Italy, compared to the current study. The seven tested
water samples gave the average concentration level of 222Rn of 0.504
Bq/L.

A literature survey for the reported mean value of 222Rn concentra-
tions [16, 17, 18] showed that Tuyyeb et al. reported 4.69 Bq/L in Jeddah
water (Saudi Arabia); El-Taher et al. reported 2.80 Bq/L in groundwater
from Qassim Area, Saudi Arabia; and Garba et al. reported 7.30 Bq/L in
groundwater from Zaria, Nigeria. The average value of 222Rn concen-
tration obtained in our current study was less than that reported in Iraq
but more than that reported in Turkey, as shown in Table 2.As we
mentioned earlier, the geological nature of the collection area affects the
concentration of 222Rn that differ according to the locations of the
collected sample.

The concentration of 222Rn radioactive isotope in different countries
follows the order:

Khartoum> Syria> Algeria> Jordan, Italy> Iraq> Brazil> Kuwait
> Zamzam water > Iran > Turkey.

The highest reported concentrations of 222Rn in Khartoum (14.13 Bq/
L) and Syria (13 Bq/L) is higher than the maximum permissible value
(11.11 Bq.L�1) recommended by US-EPA.

The factors that affect irradiative emission from 222Rn radioactive
isotope are the energy of neutrons, neutron flux, characteristics of water
samples, water contaminants, and pH of water samples. All the other
contaminants of water samples collected from different countries such as
heavy metal ions, organic matter, biological activity, etc. affect the half-
lives of the radioactive isotope, 222Rn [1].
the parameters affecting 222Rn concentration in water samples.



Figure 6. The variation of the Eigenvalues and the component number of average water parameters.

Table 4. Correlation matrix between the water parameters.

Parameters T RH time C D

T 1.000

RH% -0.987 1.000

Time -0.103 0.038 1.000

C -0.393 0.360 0.301 1.000

D 0.957 -0.934 -0.240 -0.513 1.000

The bold value shows strong correlation coefficient (R2) between any two different variables.
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Fifty percent of the produced radioisotopes live longer than 25 min
are dangerous to human health. The decay schemes of many radioactive
isotopes showed that 222Rn isotope occupies an intermediate place in the
radioactive series.

Different locations for the drinking water samples showed different
concentrations of 222Rn radioactive isotope due to the different physical
and chemical characteristics of these locations that affect the residence
time of the radioactive pollutants and the transfer rate of these pollutants
in the human body.

The novelty of the results obtained in the current study is that it is a
commentary to the recent studies bout radioactivity in Saudi Arabia
Kingdom [19, 20, 21, 22, 23]. Where the building imparted some ra-
diation dose to the human beings [21]; the average value of 222Rn
Figure 7. Some of the significant relationships between the studied parameters:a) Re
Depth (D) versus temperature Relative humidity (RH).
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obtained in our current study agrees with that reported by Al-Ghamdi
et al. [24].
3.1. Statistical analysis of the obtained results

The statistics of the measured 222Rn activity concentration in the
analyzed water samples has been carried out following the method re-
ported elsewhere [25]. The application of principal component analysis
(PCA) reduces the variables affecting 222Rn concentration activity in
water samples from four variables (temperature, relative humidity (RH
%), the depth of the water sample,- location region, and the residence
time) into only two variables (Temperature (T) and RH% while preser-
ving the relationships present in the original data. The eigenvalues (the
resulting solution of the differential equations) on the four variables were
lative humidity (RH) versus temperature (T); b) Depth (D) versus temperature; c)
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computed for the standardized data using a specialized statistical soft-
ware package (SPSS version 15). The data contain four variables, as
shown in Table 3 and Figures 5 and 6. The eigenvalues obtained from
PCA are significant only for (T) and RH%.

Hence the factor extraction was done with a minimum acceptable
eigenvalue greater than one. The output data revealed that only two
factors (PC1 and PC2) affected 222Rn concentration in water samples
with cumulative covariance of 86.617%, Table 3.

The cumulative covariance of the two-component factors is 64.172%,
with the variance for PC1 and PC2 of 22.444%, and 21.916, respectively.
The eigenvalues of PC1 and PC2 are 3.209 and 1.122. The PC1 repre-
sented positive loading for the temperature (0.984), duration time
(0.943), while RH% (-0.987) is associated with negative loading. The
PC2 represented positive loading for a duration time (0.904).

The correlationmatrix between the different variables affecting 222Rn
activity concentration in water samples was determined (Table 4), which
enabled the interpretation of the correlation of elements affecting 222Rn
concentration. The bold numbers indicate a good positive significant
correlation in the four water samples and some of the significant re-
lationships are shown in Figure 7. The temperature was significantly
correlated with RH% (r ¼ 0.974).

The tested PCA analysis for 222Rn activity concentration in the tested
water samples is a highly accurate method (p ¼ 0.0006).

The tested PCA for the obtained results showed that the most sig-
nificant factors that affect 222Rn activity concentration are the temper-
ature and RH%. These two factors act by affecting 222Rn solubility in
water. While the depth and the location of sample collection are not
significant as these two parameters are related to the geology of rocks
found in these regions not the solubility of this inert gas in water.

4. Conclusion

In this study, a sample of pure Zamzamwater was analyzed in addition
to another six water samples obtained from different geological locations
in the Saudi Arabia Kingdom. The mean value of the concentration of
dissolved 222Rn gas representing radon radioactive isotope was 0.430Bq/L
in the Zamzam water sample, which is less than the permissible concen-
tration of 222Rn in water as recommended by the Environmental Protec-
tion Agency. The 222Rn level in all water samples collected from different
locations in the Kingdom is less than 11 Bq/L: the maximum level of
pollution recommended by US-EPA. The most significant variables
affecting 222Rn concentration are the temperature and the relative hu-
midity (RH%) of the region of collecting water samples. Where the high
level of RH% increases the concentration of 222Rn in water, and the
elevated temperature of water samples decreases 222Rn activity concen-
tration in water as the solubility of 222Rn gas is an exothermic process.

Declarations

Author contribution statement

Kaltham B. Aljaloud: Conceived and designed the experiments; Per-
formed the experiments; Analyzed and interpreted the data; Contributed
reagents, materials, analysis tools or data; Wrote the paper.

Mervette El Batouti: Analyzed and interpreted the data; Wrote the
paper.

Funding statement

This research did not receive any specific grant from funding agencies
in the public, commercial, or not-for-profit sectors.

Data availability statement

Data included in article/supplementary material/referenced in
article.
7

Declaration of interests statement

The authors declare no conflict of interest.

Additional information

No additional information is available for this paper.

Acknowledgements

Researchers would like to thank the Deanship of Scientific Research,
Qassim University for funding the publication of this project.

References

[1] J.E. Martin, Physics for Radiation protection: a Handbook, John Wiley & Sons,
2006.

[2] Minimization RW. Guide to the Safe Handling of Radioactive Materials in Research.
[3] G.A. Johansen, P. Jackson, Radioisotope Gauges for Industrial Process

Measurements, John Wiley & Sons, New York, NY, USA, 2004 May.
[4] L.A. Owen, K.T. Pickering, An Introduction to Global Environmental Issues,

Routledge, 2006.
[5] J.P. McLaughlin, Radon in Indoor Air, Commission of the European Communities,

1989.
[6] K.L. Gippert, E. Runte, W.D. Schmidt-Ott, P. Tidemand-Petersson, N. Kaffrell,

P. Peuser, R. Kirchner, O. Klepper, W. Kurcewicz, P.O. Larsson, E. Roeckl, Decay
studies of neutron-rich radium and actinium isotopes, including the new nuclides
232Ra and 232,234 Ac, Nucl. Phys. 453 (1) (1986 May 12) 1–4.

[7] A. El-Taher, Assessment of natural radioactivity levels and radiation hazards for
building materials used in Qassim area, Saudi Arabia, Rom. J. Phys. 57 (3-4) (2012
Jan 1) 726–735.

[8] American Public Health Association, American Water Works Association, Water
Pollution Control Federation, Water Environment Federation. Standard Methods for
the Examination of Water and Wastewater, American Public Health Association.,
1915.

[9] P. Verma, J.S. Bhatia, Design and development of a GPS-GSM based tracking system
with Google map based monitoring, International Journal of Computer Science,
Engineering, and Applications 3 (3) (2013 Jun 1) 33.

[10] R.M. El-Sharkawy, K.S. Shaaban, R. Elsaman, E.A. Allam, A. El-Taher,
M.E. Mahmoud, Investigation of mechanical and radiation shielding characteristics
of novel glass systems with the composition xNiO-20ZnO-60B2O3-(20-x) CdO
based on nano metal oxides, J. Non-Cryst. Solids 528 (2020 Jan 15) 119754.

[11] J.W. Bordynuik, inventor, Portable radiation detector and method of detecting
radiation, United States patent US 7 (115) (2006 Oct 3) 872.

[12] G. Kim, W.C. Burnett, H. Dulaiova, P.W. Swarzenski, W.S. Moore, Measurement of
224Ra and 226Ra activities in natural waters using a radon-in-air monitor, Environ.
Sci. Technol. 35 (23) (2001 Dec 1) 4680–4683.

[13] L.F. Fajardo, M. Berthrong, R.E. Anderson, Radiation Pathology, Oxford University
Press, 2001 Jan 25.

[14] P. Ravikumar, R.K. Somashekar, Environmental Tritium (3H) and hydrochemical
investigations to evaluate groundwater in Varahi and Markandeya river basins,
Karnataka, India, J. Environ. Radioact. 102 (2) (2011 Feb 1) 153–162.

[15] J.C. Herrera, D.B. Work, R. Herring, X.J. Ban, Q. Jacobson, A.M. Bayen, Evaluation
of traffic data obtained via GPS-enabled mobile phones: the Mobile Century field
experiment, Transport. Res. C Emerg. Technol. 18 (4) (2010 Aug 1) 568–583.

[16] Z.A. Tayyeb, A.R. Kinsara, S.M. Farid, A study on the radon concentrations in water
in Jeddah (Saudi Arabia) and the associated health effects, J. Environ. Radioact. 38
(1) (1998 Jan 1) 97–104.

[17] A. El-Taher, Annual effective dose exposure in ground water from Qassim area,
Saudi J. Environmen. Sci. Techn. 5 (6) (2012) 475–481.

[18] N.N. Garba, R. Nasru, B.B. Et Dewu, Preliminary studies on 222Rn concentration in
ground water from Zaria, Nigeria, J. Phys. Sci. 23 (1) (2012) 57–64.

[19] H.H. Coenen, A.D. Gee, M. Adam, G. Antoni, C.S. Cutler, Y. Fujibayashi, J.M. Jeong,
R.H. Mach, T.L. Mindt, V.W. Pike, A.D. Windhorst, Consensus nomenclature rules
for radiopharmaceutical chemistry-Setting the record straight, Nucl. Med. Biol. 55
(2017 Dec 1) v-xi.

[20] A.V. Nero, W.W. Nazaroff, Characterizing the source of radon indoors, Radiat.
Protect. Dosim. 7 (1-4) (1984 Jan 1) 23–39.

[21] D. Al-Azmi, T. Al-Abed, M.S. Alnasari, E.E. Borham, Z. Chekir, M.S. Khalifa,
R. Shweikani, Coordinated indoor radon surveys in some Arab countries,
Radioprotection 47 (2) (2012) 205.

[22] A.E.A. Elzain, Measurement of radon-222 concentration levels in water samples in
Sudan, Adv. Appl. Sci. Res. 5 (2) (2014) 229–234.

[23] A.I. Alabdula'aly, The occurrence of radon in groundwater of Saudi Arabia,
J. Environ. Radioact. 138 (2014 Dec 1) 186–191.

[24] H. Al-Ghamdi, A. Al-Muqrin, A. El-Sharkawy, Assessment of natural radioactivity
and 137Cs in some coastal areas of the Saudi Arabian gulf, Mar. Pollut. Bull. 104 (1-
2) (2016 Mar 15) 29–33.

[25] J.S. Boeing, �E.O. Bariz~ao, B.C. e Silva, P.F. Montanher, V. de Cinque Almeida,
J.V. Visentainer, Evaluation of the solvent effect on the extraction of phenolic
compounds and antioxidant capacities from the berries: application of principal
component analysis, Chem. Cent. J. 8 (1) (2014) 48.

http://refhub.elsevier.com/S2405-8440(21)00162-6/sref1
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref1
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref1
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref3
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref3
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref3
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref4
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref4
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref5
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref5
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref6
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref6
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref6
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref6
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref6
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref7
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref7
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref7
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref7
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref8
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref8
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref8
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref8
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref9
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref9
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref9
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref10
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref10
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref10
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref10
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref11
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref11
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref12
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref12
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref12
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref12
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref13
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref13
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref14
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref14
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref14
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref14
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref15
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref15
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref15
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref15
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref16
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref16
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref16
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref16
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref17
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref17
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref17
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref18
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref18
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref18
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref18
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref19
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref19
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref19
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref19
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref20
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref20
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref20
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref21
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref21
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref21
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref22
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref22
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref22
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref22
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref23
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref23
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref23
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref24
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref24
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref24
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref24
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref25
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref25
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref25
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref25
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref25
http://refhub.elsevier.com/S2405-8440(21)00162-6/sref25

	Statistical analysis of 222Rn concentration in Zamzam and other water sources in the Kingdom of Saudi Arabia
	1. Introduction
	2. Methodology
	2.1. Sample collection
	2.2. Sample processing
	2.3. The sample analysis

	3. Results and discussions
	3.1. Statistical analysis of the obtained results

	4. Conclusion
	Declarations
	Author contribution statement
	Funding statement
	Data availability statement
	Declaration of interests statement
	Additional information

	Acknowledgements
	References


