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Abstract

In this study the radon-222 (**Rn) concentrations for the groundwater quality
in selected area of Saudi Arabia—AL Qassim is measured beside the physico-
chemical parameters (pH, total dissolved solids [TDS], and electrical conduc-
tivity [EC]), and heavy metal content. Eight groundwater samples were ana-
lyzed using advanced techniques, including the RAD7 detector with the RAD-
H,O accessory for radon detection, EZ9909SP water quality testing, and induc-
tively coupled plasma mass spectrometry (ICP-MS) for heavy metal content.
The results showed that radon concentrations ranged between 0.0536 and
0.0729 Bq/L with mean 0.064 Bq/L. This remained within the WHO limits of
100 Bg/L and the US Environmental Protection Agency limits of 11 Bq/L. All
annual effective doses, both ingested and inhaled, were below the WHO and
European Commission safety threshold of 0.1 mSv/yr. Chemical and physical
parameters were within acceptable limits: pH values ranged from 6.84 to 7.57,
with mean 7.31, total dissolved solids (TDS) values ranged from 695 to 4240
mg/L with mean 1943.13 mg/L, and electrical conductivity (EC) values ranged
from 1398 to 8450 (ps/cm), with mean 3879.63 (us/cm). As for heavy metals,
most elements—including mercury, copper, zinc, and lead—were below the
limit of quantification (LOQ) in all samples. However, nickel (Ni) was detected
in three samples, with concentrations ranging from 0.16 to 0.34 pug/L, with an
average of 0.24 ug/L. These values indicate that the water is safe and not signif-
icantly affected by contamination from this element. Using the Pearson corre-
lation coefficient calculated via Microsoft Excel, the relationship between ra-
don concentration (Rn*??) and selected water quality parameters was evaluated.
The results revealed a weak positive correlation (r = 0.28416) between radon
and pH, indicating a slight tendency for radon levels to increase with higher
pH values. In contrast, moderate to strong negative correlations were observed
with both total dissolved solids (TDS) (r = —0.6506) and electrical conductivity
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(EC) (r = —0.6521). Notably, a very strong positive correlation (r = 0.9969) was
found between radon and nickel concentrations, based on three samples, indi-
cating an almost proportional relationship.
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1. Introduction

Radon is a naturally occurring radioactive gas that is released from rocks and soil
as a result of uranium decay, which has been present in the earth's ground since
its formation [1]. Groundwater contains much higher levels of radionuclides com-
pared to surface water [2], as it flows through soil and rock formations, which
dissolve many radioactive chemicals and minerals. Consequently, regions with
granites and other uranium-rich rocks typically have higher average radon count
rates [2]. Radon naturally enters the environment through voids and cracks in
rocks and soil; it can rapidly dissolve into groundwater and reach water supply
wells [2]. Radon in water can enter the human body through two different ways.
First, radon in drinking water can enter the human body through the gastrointes-
tinal tract resulting in an ingestion radiation dose. Secondly, radon can escape
from household water and contribute to the radon concentration in air, which can
then enter the human body through the respiratory tract to deliver the inhalation
radiation dose [3]. Thus, leakage of this gas from the ground into indoor air or its
dissolution into groundwater poses serious health risks when inhaled or ingested,
including an increased risk of lung and stomach cancer [4]. Therefore, exposure
to radon and its short-lived decay products accounts for half of the effective doses
from all types of ionizing radiation [5]. Given these health risks, many studies
have been conducted to measure the concentration of radon in groundwater and
evaluate its effects.

In Saudi Arabia, several studies have been conducted to measure radon in
groundwater and assess its health impacts. For instance, Al-Mamoun and Al-
Azmi used the RAD7 radon detector to estimate radon concentrations from dif-
ferent groundwater sources, they collected 38 samples in Hafar Al-Batin. Esti-
mates of radon activity concentrations in the groundwater samples ranged be-
tween 0.03 and 3.20 Bq/L [6]. In another study conducted in the Qassim region,
Al-Harbi, Abbadib, and Al-Taher also studied 30 groundwater samples from the
Buraydah area, using the RAD7 device connected to the RAD-H,O accessory, and
the results showed that the radon concentrations in the water ranged from 0.76 to
9.15 Bg/L [7]. Similarly, in the Jazan region, Al-Arabi, Suleiman, and Abu Al-
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Majd, 110 water samples were collected from 11 locations and measured the radon
concentration in groundwater using CR-39 detector technology, and results ranged
between 1.74 and 4.32 Bq/L [4].

In India, R. Somashekar and P. Ravikumar found radon measurements from
Varahi and Markandeya command regions using the RAD-7 with RAD H,O tech-
nology. The detected *?Rn activities in 16 groundwater samples in the Varahi
command area ranged from 0.2 to 10.1 Bq/L, the **’Rn activity in 14 groundwater
samples from the Markandeya command area ranged from 2.21 to 27.3 Bq/L [8].

In Iraq, Qader et al. collected 24 groundwater samples from Erbil, using a RAD
7 radon detector equipped with RAD-H,O, where the values of radon activity con-
centration ranged from 4 to 12.18 Bq/L [2].

Ajiboye et al. studied the concentrations of *?Rn activity in 145 groundwater
samples collected across six states in southwestern Nigeria. The groundwater sam-
ples studied showed variations in the range from 1.6 Bq/L to 271 Bq/L [9].

While radon concentration is a risk in groundwater, overall water quality also
depends on various physical and chemical parameters such as pH, electrical con-
ductivity, and total dissolved solids.

Physicochemical Parameters of groundwater such as pH is an important water
quality parameter that influences the solubility and bioavailability of chemical el-
ements, including nutrients and heavy metals. It is defined as the negative loga-
rithm of the hydrogen ion concentration (H*) and is mathematically expressed as
[2]: pH = —logi[H"].

The pH scale ranges from 0 to 14, with 7 being neutral. A pH value below 7
indicates acidity, while a pH above 7 indicates alkalinity (basicity), pH reflects the
relative amount of free hydrogen (H*) and hydroxyl ions (OH~) in water. Water
with a higher concentration of free hydrogen ions is acidic, whereas water with a
higher concentration of free hydroxyl ions is basic. Excessively high or low pH
levels can be hazardous when using water [10] [11]. According to the World
Health Organization, the pH value ranges from 6.5 to 8.5 [12].

Total dissolved solids (TDS) refer to the total weight of all solids dissolved in a
given volume of water, expressed in the unit of a milligram per unit volume of
water (mg/L) [2]. Water with a TDS level of below 600 mg/L is typically thought
to taste good, while water with TDS levels exceeding about 1000 mg/L becomes
increasingly disagreeable [13], and the US Environmental Protection Agency
(EPA) recommends a limit of 500 mg/L [14].

Electrical Conductivity (EC) quantifies water’s ability to conduct electricity,
which is influenced by the presence of dissolved salts, acids, and bases, EC reflects
the total concentration of ions in water, with higher ion concentrations resulting
in higher electrical conductivity [15]. The SI unit for electrical conductivity is mi-
cro siemens per centimeter (us/cm) [16]. The drinking water limit in the Euro-
pean Union and the World Health Organization is 2500 (us/cm) [13] [17] [18].

Globally, reported values for these criteria vary widely between regions. For ex-

ample, groundwater in Indonesia has been reported with pH values between 6.01
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and 7.24, TDS ranging from 429 to 501 mg/L, and EC between 618 and 1351 uS/cm
[19]. In India, groundwater has shown pH levels ranging from 7.02 to 7.65, with
TDS ranging from 690 to 1560 mg/L and EC from 442 to 998 uS/cm [20]. In Italy,
pH values ranged between 7.3 and 8.0, total dissolved solids (TDS) levels ranged
between 336 and 2790.1 mg/L, and EC levels ranged between 412 and 4180 pS/cm
[21]. Meanwhile, groundwater samples in Iraq had pH values ranging from 7.11
to 7.29, total dissolved solids (TDS) levels ranging from 1520 to 5773 mg/L, and
electrical conductivity (EC) levels ranging from 2351 to 8901 uS/cm [18]. In Ni-
geria, groundwater pH values ranged from 6.35 to 8.31, total dissolved solids
(TDS) levels ranging from 247.5 to 589.7 mg/L, and electrical conductivity (EC)
values ranging from 450 to 1190 uS/cm [22]. Similarly, Tunisia showed pH values
ranging from 7.21 to 9.64, total dissolved solids (TDS) levels ranging from 261 to
2048 mg/L, and electrical conductivity (EC) values ranging from 653 to 5120
uS/cm [23]. In Pakistan, reported pH values ranged from 7.10 to 8.40, TDS levels
from 987 to 2114 mg/L, and EC values from 1592 to 3098 uS/cm [24].

The presence of potentially hazardous metals in groundwater is a significant
environmental concern. These metals, including arsenic (As), zinc (Zn), lead (Pb),
mercury (Hg), manganese (Mn), iron (Fe), copper (Cu), and nickel (Ni), enter
groundwater sources through both natural processes and human activities. Drink-
ing water sources must be investigated in order to protect against health hazards
[25]. The World Health Organization (WHO) has set guideline values for ele-
ments in drinking water to ensure safety. The recommended limits are as follows:
Mercury (Hg) is 6 pg/L, and copper (Cu) is 2000 ug/L, lead (Pb) is 10 pg/L, nickel
(Ni) is 70 pg/L, and zinc (Zn) No guideline value; it does not pose a health risk at
the levels found in drinking water [26].

In recent years, many studies have been conducted on the presence of heavy
metals in groundwater due to their significant impact on public health. For exam-
ple, In India, lead concentrations were found to range from 6.7 to 82.7 pg/L, nickel
from 8.92 to 181.8 pg/L, copper from 3.1 to 83.5 pg/L, and zinc from 6.4 to 746.9
pg/L [27]. In Italy, copper (Cu) levels ranged between 0.83 and 85.9 ug/L, lead
(Pb) between 0.90 and 7.5 pg/L, nickel (Ni) between 0.61 and 263.8 pug/L, and zinc
(Zn) between 0.85 and 786.2 pg/L [28]. In Tiirkiye, mercury levels ranged from 0
to 0.140 pg/L, copper from 0 to 0.060 pg/L, lead from 0 to 1.497 ug/L and nickel
from 0 to 30.058 pg/L [29]. In Malaysia, copper (Cu) levels ranged from 0.07 to
2.22 ug/L, while lead (Pb) levels ranged from 0.03 to 4.35 pg/L. Zinc (Zn) levels
ranged from <0.17 to 118.97 pg/L [30].

2. Methodology

2.1. Sample Collection and Study Area

Eight samples were collected from various groundwater wells in various regions
of Saudi Arabia of Al Qassim region. Eight wells were selected for this study to

achieve a balanced spatial distribution of samples, covering the main geographic
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area of the study, which includes several governorates with varying groundwater
use patterns, including agriculture, housing, and industry. This selection contrib-
utes to providing a comprehensive assessment of groundwater quality across the
region. Table 1 shows the sample locations, Well depth (m), Sampling date and
Water level.

Table 1. The sample locations, well depth (m), sampling date and water level.

Sample No. Coordinates =~ Well depth (m) Sampling date Water level

Q1 501632;265512;‘ 53 16/April/2025  Deep groundwater
Q2 502421‘;1‘;92‘; 400 16/April/2025 Deep groundwater
Q3 I;isi(()):gf;"" 160 16/April/2025  Deep groundwater
Q4 I;i:i;:j:: 450 16/April/2025  Deep groundwater
Q5 I;:Ii: 5;1":;69: 200 16/April/2025  Deep groundwater
Q6 I;:Ii: ; f,;::::,’ 200 16/April/2025  Deep groundwater
Q7 I;:Ii: 51272;'3: 100 16/April/2025  Deep groundwater
Q8 I;:Ii: 51 15:326“';': 64 16/April/2025  Deep groundwater

Qassim Region as shown in Figure 1 located in the center of the Kingdom with
a total area of 73,293 Km?, equivalent to 3.41% of the country’s total area. It lies
between latitudes 25°00' and 27°00' north and longitudes 42°30' and 45°00" east.
The region is located about 300 Km northwest of Riyadh in central Saudi Arabia.
Its altitude above sea level ranges between 600 and 850 meters, The Qassim region
is characterized as an important agricultural area in Saudi Arabia due to its fertile

soil and groundwater, which forms the main source of water supply [31] [32].

Figure 1. Qassim region from Google Maps and the sample’s location in the red dot.
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2.2. Radon Measurement

2.2.1. Dosage Calculation
The following relationships was used to compute the annual effective dose AED
(uSv/y) of water consumption by ingestion and inhalation across different age
groups. The annual effective dose for ingestion of water was calculated using the
following equation [6] [9] [33]:

AEDjyg = Cra X AIW X EDC (1)

where AED,,g: is the annual effective dose for ingestion ( zSv/y).
Chra: is the radon concentration in water (Bq/L).
AIW: represents the annual intake of water in the different age groups [6] [9]
[33]:
e 230 L/y for age range 1 year infant.
330 L/y for 2 - 17 years children.
730 L/y for >17 years adult.
EDC: is the effective dose coefficient [6] [9] [33]:
23 (nSv/Bq) for infant.
5.9 (nSv/Bq) for children.
3.5 (nSv/Bq) for adult.
The following equation was used to calculate the annual effective dose for water
inhalation [6] [9] [33]:

AEDjyn = Cra X Ry X F x O x DCF 2)

where AED;y: is the annual effective dose for inhalation ( xSv/y ).

Chrn: is the radon concentration in water (Bq/L).

R.: is the air-to-water ratio for radon 10 [6] [9] [33].

F: is the equilibrium factor of radon to its decay product 0.4 [6] [9] [33].

O: is the average indoor occupancy time for a person annually 7000 (h/y) [6]
[9] [33].

DCEF: is the dose conversion factor for exposure InSv/(Bq.h.m?) [6] [9] [33]
[34].

The total annual effective dose (AED7): is the sum of the annual effective
dose for ingestion (AEDi,) and the annual effective dose for inhalation (AE-
Dinn) [6].

The effective dose per liter (nSv/L ): (By ingestion) a dose conversion factor of
5 x 107° (Sv/Bq) proposed by the United Nations Scientific Committee on the Ef-
fects of Atomic Radiation (UNSCEAR, 1993) was utilized [7] [34].

2.2.2. Measurement Procedures

Radon concentrations in groundwater samples were measured using a Durridge
RAD7 (Durridge, United States) equipped with a RAD-H,O accessory. 250 ml
bottles were connected to the device. Using a planar silicon detector implanted to
detect radon’s alpha-decay offspring, **Po and *"*Po, the RAD7 enables the deter-
mination of radon quantities in the air. The RAD7 measures the amount of radon-
222 in the air at ?'*Po (a energy = 6.00 MeV) and *"*Po (a energy = 7.67 MeV),
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using a strong electric field on a silicon semiconductor sensed at ground potential.

The measurement technique is based on a closed-loop aeration technique. Air is

constantly recirculated inside a closed loop through the water sample, permitting

radon gas to transfer from the water to the air until equilibrium is reached. The

system includes three main components as shown in Figure 2:

e The RAD7 device;

e A 250 ml water bottle equipped with an aerator;

¢ A drying tube. Relative humidity becomes maintained below 10% (as recom-
mended in the device’s user manual, relative humidity must be 10% or de-

crease using a desiccant [35]).

Figure 2. RAD H,O [35].

Before each experiment, the device was operated for 10 minutes to empty the
counting chamber of radon residues. That is an important step to ensure accurate

measurements.

2.3. Procedures for Measuring Physical and Chemical Parameters

The pH, total dissolved solids (TDS), and electrical conductivity (EC) of ground-
water samples were measured using an EZ9909SP water quality tester. Prior to
measurements, the instrument was calibrated according to the manufacturer’s in-
structions. The probe was directly immersed in 100 ml of each groundwater sam-
ple as shown in Figure 3, and the readings were recorded on the digital display
after the readings stabilized.

2.4. Heavy Element Analysis Measurement Procedures

e Sample Preparation:
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Figure 3. An EZ9909SP water quality tester.

1) Filtration: Using a 0.45 pm filter to remove solid impurities.

2) Addition of nitric acid: Typically 1% to preserve the sample and prevent
metal precipitation.

3) Concentration Adjustment: Sometimes the sample is diluted to match the
calibration range. Use multi-element standard solutions (e.g., 0.1, 1, 10, 100 ppb).

4) Addition of internal standards: (e.g., indium In-115) to correct for bias.

Some elements, such as mercury (Hg), are unstable in HNO3, so HCl is added

to maintain stability.

3. Results and Discussion

3.1. Results of Measuring Radon Gas Concentration and Its Risks
Using the Rad 7 Detector

Radon concentration measurements in groundwater were conducted in selected
region of Saudi Arabia—AlQassim—using a RAD7 detector. Table 2 gives the ra-
don concentration and standard deviation. Radon concentrations measured in
groundwater samples ranged from 0.0536 Bq/L (Q7) to 0.0729 Bq/L (Q2), with an
overall mean of 0.0640 Bq/L. The standard deviation ranged from 0.0142 to 0.0190
Bq/L, with a median of 0.0166 Bq/L as shown in Figure 4. All values were below
the World Health Organization (WHO) upper limit of 100 Bq/L [36], and the U.S
Environmental Protection Agency’s (EPA) recommended limit of 11 Bq/L [37],
indicating that the radon concentrations in these groundwater samples are within
acceptable safety limits for drinking water.

While in Table 3 the effective ingestion dose for different ages, the effective
inhalation dose, and the annual effective dose per liter are given.

The annual effective dose from groundwater ingestion was evaluated for three
age groups: infants, children, and adults. The ingestion dose for adults ranged
from 0.1369 (Q7) to 0.1862 (Q2) uSv/y, with a mean of 0.1634 pSv/y. For children,
the values ranged from 0.1043 (Q7) to 0.1419 (Q2) uSv/y, with a mean of 0.1246
uSv/yr. Infants exhibited the highest ingestion doses among all groups, with values
ranging from 0.2835 (Q7) to 0.3856 (Q2) uSv/y, with a mean of 0.3385 uSv/y.
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Table 2. Radon concentration and standard deviation.

Sample No. Sample mean radon concentration (B—Iflj Standard deviation (B—Ifl]
Q1 0.062 0.0142
Q2 0.0729 0.0167
Q3 0.0613 0.0182
Q4 0.0636 0.0160
Q5 0.0702 0.0145
Q6 0.0673 0.0169
Q7 0.0536 0.0173
Q8 0.0611 0.0190
Min 0.0536 0.0142

Max 0.0729 0.0190
Average 0.0640 0.0166

Mean 222Rn Concentration in Groundwater Samples

0.08
0.07

0.06
0.05
0.04
0.03
0.02
0.01

0

Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8

Groundwater Samples

Mean #22Rn Concentration (Bq/L)

Figure 4. The mean concentration of *’Rn in groundwater samples collected during the
current study.

The annual effective dose from inhaled radon among adults ranged from 0.1350
(Q7) t0 0.1837 (Q2) uSv/y, with a mean of 0.1615 uSv/y.

The annual effective dose per liter (EDL) values ranged from 0.268 (Q7) to
0.3645 (Q2) nSv/L, with an average 0.3205 nSv/L.

Opverall, all calculated annual effective doses from both ingestion and inhalation
of radon, as well as the effective dose per liter, remained well below the World
Health Organization (WHO) [36], and European Commission (EC) guidelines of
0.1 mSv/yr (100 pSv/yr) [6] [38]. These results indicate that the studied ground-
water samples do not pose a significant radiological health risk based on radon
exposure from ingestion or inhalation routes.

Considering the current results and comparing them with current global stand-
ards, reported groundwater radon concentrations from several countries were ex-

amined Table 4 and shown in Figure 5.
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Table 3. Radiological risk assessment.

Annual mean effective dose [,uSvj
y

Annual effective doses

Sample No. Ingestion per liter (EDL) [/‘S"J
Inhalation (adults) Total (adults) y
Infants Children Adults
Q1 0.32789 0.120714 0.15841 0.15624 0.31465 0.31
Q2 0.385641 0.1419363 0.1862595 0.183708 0.3699675 0.3645
Q3 0.324277 0.1193511 0.1566215 0.154476 0.3110975 0.3065
Q4 0.336444 0.1238292 0.162498 0.160272 0.32277 0.318
Q5 0.371358 0.1366794 0.179361 0.176904 0.356265 0.351
Q6 0.356017 0.1310331 0.1719515 0.169596 0.3415475 0.3365
Q7 0.283544 0.1043592 0.136948 0.135072 0.27202 0.268
Q8 0.323219 0.1189617 0.1561105 0.153972 0.3100825 0.3055
Min 0.2835 0.1043 0.1369 0.1350 0.27202 0.268
Max 0.3856 0.1419 0.1862 0.1837 0.3699675 0.3645
Average 0.3385 0.1246 0.1634 0.1615 0.3243 0.3205

Table 4. Comparison of the average value of groundwater *’Rn concentration in selected countries, with the WHO and EPA limits,

with the limits and average values in the current study:

Country/Organizing 222Rn concentration (%j Reference
World Health Organization (WHO) 100 [36]
U.S. Environmental Protection Agency (EPA) 11 [37]
Saudi Arabia 0.03 - 3.20 with mean 1.16 [6]
India 0.2 - 10.1 with.mean 2.07 and (8]
2.21 - 27.3 with mean 9.30
Iraq 4 - 12.18 with mean 7.92 [2]
Nigeria 1.6 - 271 with mean 35.9 [9]
Tunisia 0 - 2860 with mean 867 [39]
Portugal 2 - 1690 with mean 352.787 [40]
Malaysia 10 - 20 with mean 16.06 [41]
Tiirkiye 1.98 - 20.80 with mean 9.05 [42]
Romania 0.5 - 129.3 with mean 15.4 [43]
Emirates 0.05 - 1.76 with mean 0.64 [44]
Current study 0.0536 - 0.0729 with mean 0.064 -
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Comparison of Mean 222Rn Concentration in Water
(Ba/L)

Mean 222Rn Concentration (Bq/L)
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Figure 5. Comparison of mean ??Rn concentrations in groundwater with different coun-

tries and organizations.

For example, in Saudi Arabia, radon concentrations were reported to range
from 0.03 to 3.20 Bq/L, with a mean of 1.16 Bq/L [6], indicating relatively low
radon concentrations. In India, the range was between 0.2 and 10.1 Bq/L with a
mean of 2.07 Bq/L, and in another region, between 2.21 and 27.3 Bq/L with a mean
of 9.30 Bq/L [8]. In Iraq, reported radon concentrations ranged from 4 to 12.18
Bq/L, with a mean of 7.92 Bq/L [2].

Some countries recorded high concentrations globally. For example, radon lev-
els in Nigeria ranged from 1.6 to 271 Bq/L, with an average of 35.9 Bq/L [9]. Mean-
while, in Tunisia, reported radon levels ranged from 0 to 2860 Bq/L, with an av-
erage of 867 Bq/L, significantly exceeding international standards [39]. Similarly,
Portugal recorded high levels in groundwater, with reported radon concentrations
ranging from 2 to 1690 Bq/L with an average of 352.79 Bq/L [40].

Moderate levels (low/medium radon concentrations) were reported in Malaysia
from 10 to 20 Bq/L, with an average of 16.06 (Bq/L) [41], Tiirkiye from 1.98 to
20.80 Bq/L, with an average of 9.05 Bq/L [42], and Romania from 0.5 to 129.3
Bq/L, with an average of 15.4 Bq/L [43], while the UAE was significantly lower
than the reported ranges; in this case from 0.05 to 1.76 Bq/L with an average of
0.641 (Bq/L) [44].

3.2. Results of Physical and Chemical Properties Including pH,
Total Dissolved Solids (TDS), and Electrical Conductivity (EC)
Using the EZ9909SP Water Quality Tester

The physical and chemical properties of groundwater samples were analyzed, spe-
cifically pH, total dissolved solids (TDS), and electrical conductivity. Table 5 pre-
sents the results. The pH values in the samples ranged from 6.84 (Q1) to 7.57 (Q7),
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with a mean of 7.31. All pH values were within the WHO guideline range of 6.5
to 8.5 [12].

Total dissolved solids values in the samples ranged from 695 (Q2) to 4240 (Q1)
mg/L, with a mean of 1943.13 mg/L. Some samples, such as Q1, Q3, Q4, Q6, Q7,
and Q8, exceeded the WHO and US Environmental Protection Agency (EPA)
guideline ranges [13] [14].

The electrical conductivity values of the samples ranged from 1398 (Q2) to 8450
(Q1) pS/cm, with a mean of 3879.63 uS/cm. Some samples, such as Q1, Q3, Q4, Q7,
and Q8, exceeded the European Union and the World Health Organization (WHO)
guideline ranges [13] [17] [18] as given in Table 5 and shown in Figure 6.

Table 5. Results of physical and chemical properties including pH, total dissolved solids
(TDS), and electrical conductivity (EC) using the EZ9909SP water quality tester.

Sample No. pH TDS (mg/L) EC (pS/cm)
Q1 6.84 4240 8450
Q2 7.56 695 1398
Q3 6.93 1570 3140
Q4 7.28 1280 2560
Q5 7.48 830 1663
Q6 7.56 1160 2340
Q7 7.57 2660 5330
Q8 7.27 3070 6150

Min 6.84 695 1398
Max 7.57 4240 8450
Average 7.31 1943.13 3879.63

Logarithmic Histogram of pH, TDS, and EC in
Groundwater Samples
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Figure 6. Logarithmic histogram illustrating the distribution of pH, TDS, and EC values in
the groundwater samples collected during the current study.
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The high EC and TDS values observed in several samples (e.g., Q1, Q3, Q4, Q6,
Q7, and Q8) suggest potential contributions from natural hydrogeochemical pro-
cesses, such as the dissolution of salts from deep geological strata and the mobili-
zation of ions through mineral-rich soil layers. However, anthropogenic sources
particularly agricultural runoff and inadequate wastewater disposal may also play
arole. To safeguard groundwater quality, it is crucial to implement integrated wa-
ter resource management strategies, including routine monitoring programs and
the development of efficient wastewater treatment and disposal infrastructure.
Additionally, pre-treatment of water exhibiting elevated electrical conductivity
and TDS should be considered prior to its use for drinking purposes. Enhancing
community awareness and promoting stakeholder engagement are also vital for
fostering sustainable groundwater management practices.

In Table 6 the comparision of pH, TDS, and electrical conductivity of ground-
water in selected countries and regulatory limits with the current study are given
and shown in Figures 7-9. The pH values in Indonesia were found to range from
6.01 to 7.24 [19]. while in Iraq, pH values were between 7.11 to 7.29 [18]. In Eu-
rope, Italy showed values ranging from 7.3 to 8.0, within the acceptable values
[21]. In addition to Italy, India from 7.02 to 7.65 [20], Nigeria from 6.35 to 8.31
[22], and Pakistan from 7.10 to 8.40 [24] performed well relative to WHO stand-
ards as well. Tunisia on the other hand, had a much wider variation in pH from
7.21 to 9.64 with amount of samples exceeding acceptable levels [23].

Regarding total dissolved solids, Indonesia had from 429to 501 mg/L [19].
Nigeria from 247.5 to 589.7 mg/L [22] reported good quality drinking water.
Whereas, several countries exceeded WHO guidelines. India from 690 to 1560
mg/L [20], Pakistan from 987 to 2114 mg/L [24], Tunisia from 261 to 2048 mg/L

Table 6. The comparision of pH, TDS, and electrical conductivity of groundwater in se-
lected countries with the current study

Country/Organizing pH TDS (Ej EC (ﬂj Reference
L cm
World Health 6.5t0 8.5 [12] [13] [18]
Organization (WHO) <1000 2500
European Union - - 2500 [17]
Indonesia 6.01-7.24 429 - 501 618 - 1351 [19]
Iraq 7.11-7.29 1520 - 5773 2351 - 8901 [18]
Italy 7.3-8.0 336 - 2790.1 412 - 4180 [21]
India 7.02 - 7.65 690 - 1560 442 - 998 [20]
Nigeria 6.35 - 8.31 247.5 - 589.7 450 - 1190 [22]
Tunisia 7.21 - 9.64 261 - 2048 653 - 5120 [23]
Pakistan 7.10 - 8.40 987 - 2114 1592 - 3098 [24]
Current study 6.84 -7.57 695 - 4240 1398 - 8450 -
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Figure 7. Comparison of pH values in groundwater samples from the current study with
those reported in other countries and with the recommended range set by the World Health
Organization (WHO).
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Figure 8. Comparison of Total Dissolved Solids (TDS) concentrations in groundwater be-
tween the current study and various international data, along with the WHO guideline
value (<1000 mg/L).

[23], and Italy ranging from 336 to 2790.1 mg/L [21]; as well as the highest dis-
solved solids are seen in Iraq from 1520 to 5773 mg/L [18].

Based on electrical conductivity (EC), Indonesia made good use of the pH
method with its EC containing from 618 to 1351 uS/cm [19]. India from 442 to
998 puS/cm [20], and Nigeria from 450 to 1190 pS/cm [22] reported moderate
levels of acceptance. However, Tunisia from 653 to 5120 uS/cm [23], Pakistan
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Figure 9. Variation in electrical conductivity (EC) values in groundwater across the current
study, other countries, and international organizations.

from 1592 to 3098 uS/cm [24] and Iraq from 2351 to 8901 pS/cm [18], reported
high conductivity, with many exceeding recommended guidelines. Italy reported
from 412 to 4180 pS/cm [21].

3.3. Results of Measurement of Heavy Elements Using Inductively
Coupled Plasma Mass Spectrometry (ICP-MS)

In this study, groundwater samples from four different areas in the Qassim re-
gion—Buraydah (Q2), Al-Bukayriyah (Q4), Al-Malida (Q6), and Al-Fuwailiq
(Q8)—were analyzed to evaluate the concentrations of some heavy metals: nickel
(N1), lead (Pb), copper (Cu), mercury (Hg), and zinc (Zn).

The results are given in Table 7 and are showed that most of the studied ele-
ments were below the instrument’s limit of quantification (LOQ), indicating that
their concentrations were so low that the analytical system could not accurately
quantify them. This is a positive indicator of water quality and the absence of con-
tamination by these heavy metals. It is worth noting that the LOQs were very low,
reflecting the high sensitivity of the device used, which was 0.04 pg/L for both lead
and nickel, 0.05 pg/L for mercury, and 80 ug/L for both copper and zinc.

Among the heavy metals included in the analysis, nickel was the only element
detected at quantifiable concentrations in some samples, while the other elements
all showed values below the LOQ. The results indicated that the nickel concentra-
tion in the Al-Mulida sample (Q6) reached 0.34 ug/L, the highest recorded con-
centration among the samples. In comparison, nickel concentrations were 0.22
pg/L in the Al-Bukayriyah sample (Q4) and 0.16 pg/L in the Al-Fawilaq sample
(Q8). Nickel was not detected in the Buraidah sample (Q2), where its concentra-
tion was below the LOQ.
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Table 7. Concentration of elements in samples in pg/L.

Sample No. Hg (ug/L) Cu(pg/L)  Pb (ug/L) Ni (ug/L)  Zn (ug/L)

Q2 <LOQ <LOQ <LOQ <LOQ <LOQ
Q4 <LOQ <LOQ <LOQ 0.22 <LOQ
Q6 <LOQ <LOQ <LOQ 0.34 <LOQ
Q8 <LOQ <LOQ <LOQ 0.16 <LOQ
Min - - - <LOQ -
Max - - - 0.34 -
Average - - - 0.24 -

It is important to note that all recorded nickel concentrations were below the
maximum allowable limit set by the World Health Organization (WHO), which
is 70 ug/L [26]. For example, the highest value recorded in this study (0.34 pg/L
in the Al-Mulidaa sample) represents only about 0.49% of the permissible limit,
indicating that the presence of nickel in the studied samples does not pose any
health risk.

The absence of the other heavy metals above the LOQ suggests that the studied
samples have low heavy metal content, reflecting the good quality of the ground-
water and its lack of exposure to clear pollution sources. This is a positive indica-
tor of the chemical safety of the water and supports its suitability for human con-
sumption within acceptable limits. However, it is recommended to continue peri-
odic monitoring of water quality to ensure that this quality is maintained and to
avoid any changes that may occur in chemical element concentrations as a result
of human activities or environmental changes.

In Table 8 the range and average values of heavy metal concentrations in
groundwater in other countries are given. As reported in studies, values in Tiirkiye
ranged from 0 to 0.140 ug/L, with a mean of 0.029 ug/L, which is well below the
WHO upper limit, indicating slight mercury contamination [29].

Copper concentrations varied widely across the sampled regions. In India, cop-
per concentrations ranged from 3.1 to 83.5 pg/L, with a mean of 43 pg/L [27]. In
Italy, copper concentrations ranged from 0.83 to 85.9 ug/L (with a mean of 3.87
ug/L) [28]. Malaysia reported a lower range of concentration values, with a range
of 0.07 to 2.22 pg/L and a mean of 0.49 ug/L [30]. The average copper concentra-
tion in Egypt was much higher, at 209.94 pg/L [45]. In Tirkiye, the lowest copper
concentrations ranged between 0 and 0.060 pg/L (with a mean of 0.005 pg/L), in-
dicating the presence of trace amounts of copper [29].

Lead has been detected in several studies at varying concentrations. In India,
concentrations ranged between 6.7 and 82.7 ug/L, with a mean of 44.7 ug/L [27].
Egypt recorded average lead concentration of 30.04 ug/L [45]. In Italy, lead con-
centrations ranged between 0.90 and 7.5 pg/L (with a mean of 1.22 ug/L) [28]. In
Malaysia, lead levels ranged from 0.03 to 4.35 pg/L (with a mean of 0.84 pg/L)
[30]. Tiirkiye again recorded the lowest levels, ranging from 0 to 1.497 ug/L, with
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an average of only 0.095 ug/L [29].

nickel levels were also recorded in some locations. India recorded nickel con-
centrations ranging from 8.92 to 181.8 pg/L, with an average of 95 pg/L [27]. Egypt
recorded an average nickel concentration of 41.1 ug/L [45]. Italy recorded levels
ranging from 0.61 to 263.8 ug/L (with an average of 3.66 pg/L) [28]. Nickel levels
in Tirkiye ranged from 0 to 30.058 ug/L with an average of 1.598 pg/L [29]. Zinc
levels varied widely. India reported zinc concentrations ranging from 6.4 to 746.9
ug/L (with average of 376 ug/L) [27]. Egypt reported a higher average of 490.21
pg/L [45]. Zinc levels in Italy ranged from 0.85 to 786.2 pg/L with an average of
12.8 ug/L [28]. Malaysia reported an average zinc concentration of 5.51 pug/L; most
were below the detection limit of 0.17 pug/L [30] as given in Table 8.

Table 8. Comparisons of heavy metals with WHO and other countries.

Country/Organizin Cu Pb Ni Zn Referen
ouw a eference
ganizing (ug/L) (ng/L) (ug/L) (ug/L)
World Health
o 2000 10 70 : [26]
Organization (WHO)
. 3.1 - 83.5 with 6.7 - 82.7 with 8.92 -181.8 6.4 - 746.9
India . . [27]
mean 43 mean 44.7 with mean 95 with mean 376
Ital 0.83 - 85.9 with 0.90 - 7.5 with  0.61 - 263.8 with 0.85 - 786.2 (28]
a
Y mean 3.87 mean 1.22 mean 3.66 with mean 12.8
The mean The mean
Egypt The mean 209.94 The mean 30.04 [45]
41.1 490.21
Tiirki 0 - 0.060 with 0-1.497 0 - 30.058 [29]
urkiye with mean 0.029 mean 0.005 with mean 0.095 with mean 1.598
. <0.17 below the
. 0.03 - 4.35 with . ..
. 0.07 - 2.22 with detection limit—
Malaysia mean - . [30]
mean 0.49 118.97 with mean
0.84 551

Current study

<LOQ—0.34 with
mean 0.24

3.4. Pearson Correlation between Radon (222Rn) and Each of pH,
TDS, EC and Nickel

Correlation gives the degree and direction of relationship between the two varia-
bles, a correlation has direction, and correlation coefficient (r) can be either posi-
tive or negative [46]. Zero indicates no relationship between the two variables, and
r =1 orr = -1 indicate a perfect relationship [46]. The strength can be anywhere
between 0 and +1 [46]. In this study, the Pearson correlation coefficient was de-
termined following the methodology outlined in reference [46].

The Pearson correlation coefficient between radon concentration (Rn???) and
pH was calculated directly using Excel, and the value was 0.28416. This indicates

a weak positive relationship between the two variables. A positive relationship

DOI: 10.4236/0alib.1114028

17 Open Access Library Journal


https://doi.org/10.4236/oalib.1114028

R. K. AIDhahyan et al.

means that as pH increases, radon concentration tends to increase, as in Figure
10.
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Figure 10. The relationship between ??Rn concentration and pH.

The Pearson correlation coefficient between radon concentration (Rn???) and
total dissolved solids (TDS) was calculated directly using Excel and was —0.6506,
indicating a fairly strong negative correlation. A negative correlation means that
as the TDS value increases, the radon concentration tends to decrease, as shown
in Figure 11.
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Figure 11. Relationship between *Rn concentration and total dissolved solids (TDS).

The Pearson correlation coefficient between radon concentration and electrical
conductivity (EC) was calculated directly using Excel, and the value of the coefti-
cient was —0.6521, indicating a medium-strength negative correlation, meaning
that as the total dissolved solids (TDS) value increases, the radon concentration

tends to decrease, as shown in Figure 12.
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Figure 12. The relationship between **?Rn concentration and electrical conductivity (EC).

The Pearson correlation coefficient between radon concentration (Rn**?) and
nickel concentration (Ni) was calculated directly using Excel, based on data from
three samples. The coefficient value was 0.9969, indicating a very strong positive
relationship, approaching a perfect correlation. This means that as nickel concen-
tration increases in water samples, radon concentration increases almost propor-

tionally, as shown in Figure 13.
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Figure 13. The relationship between **2Rn concentration and nickel (Ni).

4. Conclusion

In this work, the groundwater quality in a selected area of Saudi Arabia—the Qas-
sim region—was studied by measuring radon gas concentrations and physical and
chemical parameters, including pH, total dissolved solids (TDS), and electrical
conductivity (EC), along with measurements of heavy metals (mercury, copper,
lead, nickel, and zinc). Radon concentrations remained below standard limits, and

annual effective doses, whether by ingestion or inhalation, did not pose any
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radiological health risks. According to the chemical and physical parameters, pH
values were within acceptable limits, while some samples exceeded the recom-
mended limits for total dissolved solids and electrical conductivity, requiring pe-
riodic monitoring. Regarding heavy metals, all samples were within permissible
limits and showed no serious signs of contamination, reflecting the quality of the
groundwater. These results indicate that the groundwater in the studied area is
safe for human consumption. Pearson correlation analysis revealed varying de-
grees of correlation between radon concentration and water quality parameters.
While the correlation with pH was weak and positive, both total dissolved solids
(TDS) and electrical conductivity (EC) showed a fairly strong negative correlation
with radon, suggesting that dissolved metal content may be reducing radon levels.
The very strong positive correlation with nickel suggests a significant link between
the presence of radon and heavy metal contamination in some samples. However,
ongoing monitoring and periodic reassessment are essential to ensuring long-

term water safety, as outlined in Saudi Arabia’s Vision 2030.

Acknowledgments

The authors thank the Dean of college of science Qassim University for support-

ing the scientific research.

Conflicts of Interest

The authors declare no conflicts of interest.

References

[1] National Research Council (1999) Health Effects of Exposure to Radon: BEIR VI.
National Academies Press. https://2u.pw/CwOko749

[2] Qadir, RW., Asaad, N., Qadir, KW., Ahmad, S.T. and Abdullah, H.Y. (2021) Rela-
tionship between Radon Concentration and Physicochemical Parameters in Ground-
water of Erbil City, Iraq. Journal of Radiation Research and Applied Sciences, 14, 61-
69. https://doi.org/10.1080/16878507.2020.1856588

[3] Shilpa, G.M., Anandaram, B.N. and Mohankumari, T.L. (2017) Measurement of
222Rn Concentration in Drinking Water in the Environs of Thirthahalli Taluk, Kar-
nataka, India. Journal of Radiation Research and Applied Sciences, 10, 262-268.
https://doi.org/10.1016/j.jrras.2017.05.007

[4] El-Araby, E.H., Soliman, H.A. and Abo-Elmagd, M. (2019) Measurement of Radon
Levels in Water and the Associated Health Hazards in Jazan, Saudi Arabia. Journal
of Radjation Research and Applied Sciences, 12, 31-36.
https://doi.org/10.1080/16878507.2019.1594134

[5] Celikovi¢, L., Panteli¢, G., Vukanac, L., Nikoli¢, J.K., Zivanovi¢, M., Cinelli, G., et al.
(2022) Overview of Radon Flux Characteristics, Measurements, Models and Its Po-
tential Use for the Estimation of Radon Priority Areas. Atmosphere, 13, Article 2005.
https://doi.org/10.3390/atmos13122005

[6] Mamun, A. and Alazmi, A.S. (2022) Investigation of Radon in Groundwater and the
Corresponding Human-Health Risk Assessment in Northeastern Saudi Arabia. Sus-
tainability, 14, Article 14515. https://doi.org/10.3390/sul142114515

DOI: 10.4236/0alib.1114028

20 Open Access Library Journal


https://doi.org/10.4236/oalib.1114028
https://2u.pw/CwOko749
https://doi.org/10.1080/16878507.2020.1856588
https://doi.org/10.1016/j.jrras.2017.05.007
https://doi.org/10.1080/16878507.2019.1594134
https://doi.org/10.3390/atmos13122005
https://doi.org/10.3390/su142114515

R. K. AIDhahyan et al.

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

Alharbi, W. R., Abbady, A. G., & El-Taher, A. (2015) Radon Concentrations Meas-
urement for Groundwater Using Active Detecting Method. American Scientific Re-
search Journal for Engineering Technology and Sciences (ASRJETS), 14, 1-11.
https://2u.pw/HGI9OUHs

Somashekar, R.K. and Ravikumar, P. (2010) Radon Concentration in Groundwater
of Varahi and Markandeya River Basins, Karnataka State, India. Journal of Radioan-
alytical and Nuclear Chemistry, 285, 343-351.
https://doi.org/10.1007/s10967-010-0573-x

Ajiboye, Y., Isinkaye, M.O., Badmus, G.O., Faloye, O.T. and Atoiki, V. (2022) Pilot
Groundwater Radon Mapping and the Assessment of Health Risk from Heavy Metals
in Drinking Water of Southwest, Nigeria. Heliyon, 8, €08840.
https://doi.org/10.1016/j.heliyon.2022.e08840

Gunarathna, M. H. J. P., Kumari, M. K. N., & Nirmanee, K. G. S. (2016) Evaluation
of Interpolation Methods for Mapping pH of Groundwater. International Journal of

Latest Technology in Engineering, Management & Applied Science, 3, 1-5.
https://2u.pw/mauEZaZx

Islam, R,, Faysal, S. M., Amin, R, Juliana, F. M., Islam, M. J., Alam, J., et al. (2017)
Assessment of pH and Total Dissolved Substances (TDS) in the Commercially Avail-
able Bottled Drinking Water. JOSR Journal of Nursing and Health Science, 6, 35-40.
https://2u.pw/3hi7glRb

World Health Organization (2007) pH in Drinking Water. WHO.
https://2u.pw/NHcYSIMf

WHO (2011) WHO Guidelines for Drinking-Water Quality. World Health Organi-
zation. https://2u.pw/4hHmfuYX

U.S. Environmental Protection Agency (2024) Secondary Drinking Water Standards:
Guidance for Nuisance Chemicals. https://2u.pw/U82aV2RT

Boci, L., Vito, S., Vishkulli, S., Veruari, V. and Lazo, P. (2024) Chemical Character-

Ization of Some Ground Water Basins to Estimate TDS-EC Re-Lationship Depending
on Ions Species and Concentration. https://2u.pw/IREaQkeY

Landis, T.D. and Dumroese, R.K. (2006) Monitoring Electrical Conductivity in Soils
and Growing Media. Forest Nursery Notes in Summer, 1-10.
https://2u.pw/LR82Hix5

European Council (1998) Council Directive 98/83/EC of 3 November 1998 on the
Quality of Water Intended for Human Consumption. Official Journal of the Euro-
pean Communities. https://2u.pw/823Ui

Abdulshaheed, Z.H. and Halboos, M.H. (2024) An Environmental Study to Deter-
mine the Groundwater Quality Index for Agricultural Purposes in Areas near the
Bahr Al-Najaf Depression Using GIS. JOP Conference Series: Earth and Environmen-
tal Science, 1371, Article 082045. https://doi.org/10.1088/1755-1315/1371/8/082045
Ardana, P.D.H., Soriarta, .K. and Affandi, M. (2024) Analysis of Groundwater Level
Fluctuations and Groundwater Quality at Benoa and Tanjung Benoa Village, Bali Prov-
ince, Indonesia. Teknika: Jurnal Sains dan Teknologi, 20, 1-9.
https://doi.org/10.62870/tjst.v20i1.22461

Mohamed Hanipha, M. and Zahir Hussain, A. (2013) Study of Groundwater Quality
at Dindigul Town, Tamilnadu, India. International Research Journal of Environ-mental

Science, 2, 68-73. https://2u.pw/iOQdg

Sappa, G., Ergul, S. and Ferranti, F. (2013) Water Quality Assessment of Carbonate
Aquifers in Southern Latium Region, Central Italy: A Case Study for Irrigation and

DOI: 10.4236/0alib.1114028

21 Open Access Library Journal


https://doi.org/10.4236/oalib.1114028
https://2u.pw/HGI9OUHs
https://doi.org/10.1007/s10967-010-0573-x
https://doi.org/10.1016/j.heliyon.2022.e08840
https://2u.pw/mauEZaZx
https://2u.pw/3hi7g1Rb
https://2u.pw/NHcYSJMf
https://2u.pw/4hHmfuYX
https://2u.pw/U82aV2RT
https://2u.pw/IREaQkeY
https://2u.pw/LR82Hix5
https://2u.pw/8z3Ui
https://doi.org/10.1088/1755-1315/1371/8/082045
https://doi.org/10.62870/tjst.v20i1.22461
https://2u.pw/iOQdq

R. K. AIDhahyan et al.

(22]

(23]

(24]

(25]

[26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

Drinking Purposes. Applied Water Science, 4, 115-128.
https://doi.org/10.1007/s13201-013-0135-9

Popoola, L.T., Yusuff, A.S. and Aderibigbe, T.A. (2019) Assessment of Natural
Groundwater Physico-Chemical Properties in Major Industrial and Residential Lo-
cations of Lagos Metropolis. Applied Water Science, 9, 1-10.
https://doi.org/10.1007/s13201-019-1073-y

Ketata, M., Gueddari, M. and Boubhlila, R. (2011) Use of Geographical Information
System and Water Quality Index to Assess Groundwater Quality in El Khairat Deep
Aquifer (Enfidha, Central East Tunisia). Arabian Journal of Geosciences, 5, 1379-

1390. https://doi.org/10.1007/s12517-011-0292-9

Aleem, M., Shun, C.J., Li, C., Aslam, A.M., Yang, W., Nawaz, M.1,, et al. (2018) Eval-
uation of Groundwater Quality in the Vicinity of Khurrianwala Industrial Zone, Pa-

kistan. Water, 10, Article 1321. https://doi.org/10.3390/w10101321

Ullah, Z., Rashid, A., Ghani, J., Nawab, J., Zeng, X., Shah, M., et al (2022) Groundwater
Contamination through Potentially Harmful Metals and Its Implications in Groundwa-
ter Management. Frontiers in Environmental Science, 10, Article No. 1021596.
https://doi.org/10.3389/fenvs.2022.1021596

World Health Organization (2017) Guidelines for Drinking-Water Quality: Fourth
Edition Incorporating First Addendum. World Health Organization.
https://2u.pw/[HDzV3Ug

Purushotham, D., Rashid, M., Lone, M.A., Rao, A.N., Ahmed, S., Nagaiah, E., et al.
(2013) Environmental Impact Assessment of Air and Heavy Metal Concentration in
Groundwater of Maheshwaram Watershed, Ranga Reddy District, Andhra Pradesh.
Journal of the Geological Society of India, 81, 385-396.
https://doi.org/10.1007/s12594-013-0049-z

Triassi, M., Cerino, P., Montuori, P., Pizzolante, A., Trama, U., Nicodemo, F., et al.
(2023) Heavy Metals in Groundwater of Southern Italy: Occurrence and Potential
Adverse Effects on the Environment and Human Health. International Journal of En-
vironmental Research and Public Health, 20, Article 1693.
https://doi.org/10.3390/ijerph20031693

Mehdizadehtapeh, L., Tekiner, I.H. and Ozpinar, H. (2017) Investigation of Heavy
Metal Levels in Drinking and Well Water Samples Using ICP-MS Method. Journal of
Applied Food Technology, 4, 1-7. https://doi.org/10.17728/jaft.35

Isa, N.M., Aris, A.Z., Lim, W.Y., Sulaiman, W.N.A.W. and Praveena, S.M. (2013)
Evaluation of Heavy Metal Contamination in Groundwater Samples from Kapas Is-
land, Terengganu, Malaysia. Arabian Journal of Geosciences, 7, 1087-1100.
https://doi.org/10.1007/s12517-012-0818-9

Aldagheiri, M. and Alfawzan, H. (2024) The Role of Small Industries in Achieving
Sustainable Development in Qassim Region (KSA). Sustainability, 16, Article 6754.
https://doi.org/10.3390/sul6166754

Alotaibi, K., Ghumman, A.R., Haider, H., Ghazaw, Y.M. and Shafiquzzaman, M.
(2018) Future Predictions of Rainfall and Temperature Using GCM and ANN for
Arid Regions: A Case Study for the Qassim Region, Saudi Arabia. Water, 10, Article
1260. https://doi.org/10.3390/w10091260

UNSCEAR (2000) Sources and Effects of Ionizing Radiation. United Nations.

https://www.unscear.org/unscear/en/publications/2000 1.html

UNSCEAR (1993) Effects of Atomic Radiation: Sources and Effects of Ionising Radi-
ation. United Nations.

DOI: 10.4236/0alib.1114028

22 Open Access Library Journal


https://doi.org/10.4236/oalib.1114028
https://doi.org/10.1007/s13201-013-0135-9
https://doi.org/10.1007/s13201-019-1073-y
https://doi.org/10.1007/s12517-011-0292-9
https://doi.org/10.3390/w10101321
https://doi.org/10.3389/fenvs.2022.1021596
https://2u.pw/JHDzV3Ug
https://doi.org/10.1007/s12594-013-0049-z
https://doi.org/10.3390/ijerph20031693
https://doi.org/10.17728/jaft.35
https://doi.org/10.1007/s12517-012-0818-9
https://doi.org/10.3390/su16166754
https://doi.org/10.3390/w10091260
https://www.unscear.org/unscear/en/publications/2000_1.html

R. K. AIDhahyan et al.

(35]

(36]

(37]

(38]

(39]

(40]

(41]

(42]

(43]

[44]

(45]

[46]

Durridge Company, Inc. (2023) RAD7 Manual. Durridge Company, Inc.
https://2u.pw/VIBiRzZVK

World Health Organization (2022) Guidelines for Drinking-Water Quality: Incorpo-
rating the First and Second Addenda. World Health Organization.
https://2u.pw/3eq0VMFc

National Research Council, Commission on Life Sciences, Board on Radiation Effects
Research and Committee on Risk Assessment of Exposure to Radon in Drinking Wa-
ter (1999) Risk Assessment of Radon in Drinking Water. https://2u.pw/RsAuG4dK

Commission Recommendation of 20 December 2001 on the Protection of the Public
against Exposure to Radon in Drinking Water Supplies (Notified under Document
Number C (2001) 4580) (2001) Official Journal, L 344, 85-88. https://2u.pw/ZmYZ1

Telahigue, F., Agoubi, B., Souid, F. and Kharroubi, A. (2018) Groundwater Chemistry
and Radon-222 Distribution in Jerba Island, Tunisia. Journal of Environmental Ra-
dioactivity, 182, 74-84. https://doi.org/10.1016/j.jenvrad.2017.11.025

Inacio, M., Soares, S. and Almeida, P. (2017) Radon Concentration Assessment in
Water Sources of Public Drinking of Covilha’s County, Portugal. Journal of Radiation
Research and Applied Sciences, 10, 135-139.
https://doi.org/10.1016/j.jrras.2017.02.002

Ahmad, N., Jaafar, M.S., Nasir, T. and Rafique, M. (2018) Determination of Radon
Concentration and Heavy Metals (Ni, Pb, Cd, As, Cr) in Drinking and Irrigated Wa-
ter Sampled from Kulim, Malaysia. International Journal of Radiation Research, 16,
341-349. https://2u.pw/IK7EO

Yakut, H., Tabar, E., Zenginerler, Z., Demirci, N. and Ertugral, F. (2013) Measure-
ment of 222RN Concentration in Drinking Water in Sakarya, Turkey. Radiation Pro-
tection Dosimetry, 157, 397-406. https://doi.org/10.1093/rpd/nct157

Cosma, C., Moldovan, M., Dicu, T. and Kovacs, T. (2008) Radon in Water from Tran-
sylvania (Romania). Radiation Measurements, 43, 1423-1428.
https://doi.org/10.1016/j.radmeas.2008.05.001

Elmehdi, H.M., Dalah, E.Z. and Bakhronov, K. (2019) Measurements of Radon Con-
centration in Water in the United Arab Emirates and the Associated Health Effects.
2019 Advances in Science and Engineering Technology International Conferences
(ASET), Dubai, 26 March 2019-10 April 2019, 1-5.
https://doi.org/10.1109/icaset.2019.8714436

Bassioni, G., Ashraf, K. and Elhameed, A.A. (2015) Risk Assessment Using ICP-MS
of Heavy Metals in Groundwater in Upper Egypt. Journal of Natural Resources and
Development, 5, 65-70. https://doi.org/10.5027/jnrd.v5i0.09

Mondal, H. and Mondal, S. (2016) Sample Size Calculation to Data Analysis of a Cor-
relation Study in Microsoft Excel: A Hands-On Guide with Example. International
Journal of Clinical and Experimental Physiology;, 3, 180-189.
https://doi.org/10.4103/2348-8832.196896

DOI: 10.4236/0alib.1114028

23 Open Access Library Journal


https://doi.org/10.4236/oalib.1114028
https://2u.pw/V9BiRzVK
https://2u.pw/3eq0VMFc
https://2u.pw/RsAuG4dK
https://2u.pw/ZmYZ1
https://doi.org/10.1016/j.jenvrad.2017.11.025
https://doi.org/10.1016/j.jrras.2017.02.002
https://2u.pw/IK7EO
https://doi.org/10.1093/rpd/nct157
https://doi.org/10.1016/j.radmeas.2008.05.001
https://doi.org/10.1109/icaset.2019.8714436
https://doi.org/10.5027/jnrd.v5i0.09
https://doi.org/10.4103/2348-8832.196896

	Assessment of Radon Gas, Heavy Metals, and Physicochemical Parameters in Groundwater of Al-Qassim Region, Kingdom of Saudi Arabia
	Abstract
	Subject Areas
	Keywords
	1. Introduction
	2. Methodology
	2.1. Sample Collection and Study Area
	2.2. Radon Measurement
	2.2.1. Dosage Calculation
	2.2.2. Measurement Procedures

	2.3. Procedures for Measuring Physical and Chemical Parameters
	2.4. Heavy Element Analysis Measurement Procedures

	3. Results and Discussion
	3.1. Results of Measuring Radon Gas Concentration and Its Risks Using the Rad 7 Detector
	3.2. Results of Physical and Chemical Properties Including pH, Total Dissolved Solids (TDS), and Electrical Conductivity (EC) Using the EZ9909SP Water Quality Tester
	3.3. Results of Measurement of Heavy Elements Using Inductively Coupled Plasma Mass Spectrometry (ICP-MS)
	3.4. Pearson Correlation between Radon (222Rn) and Each of pH, TDS, EC and Nickel

	4. Conclusion
	Acknowledgments
	Conflicts of Interest
	References

