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Indoor radon concentrations in 33 dwellings in Arar city were measured using a CR-39 de-
tector. This work is the first in the region and was done to assess the health risks. The exposure
time was about 4 months, from May to September 2017. It was found that the indoor radon
concentration changed in the range from 7.7 to 89.1 Bqm-3 with an overall average of 44.05 +
6.21 Bqm~3 while the geometric mean is 39.51 Bqm-3 with a geometric standard deviation of
1.67. These values are within the acceptable level set by the International Committee for Ra-
diation Protection. The annual effective dose received by the population of Arar was reported
and it varied in the range 0.16 -1.82 mSv with an average value of 0.9 + 0.16 mSv and the geo-
metric mean is 0.81 mSv. The exposure to radon progeny was studied where the minimum,
maximum, average, and geometric mean of exposure are 0.83-10-3, 9.63-10-3, 4.76 + 0.67-
10-3 and 5.05-10-3 WLM, respectively. Finally, for the estimation of cancer risks, the excess
lifetime cancer risk was investigated. Its average value was 3.7-10-3 which is relatively higher.
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INTRODUCTION

Radon is a naturally occurring radioactive, inert
and heavy gas. It is produced from the decay of 238U
and 22Th, which are found in the Earth's crust with
different amounts according to the geographical loca-
tion [1]. There are three different isotopes of radon
gas, which are: 2?Rn that is the main isotope which be-
longs to the 238U decay series, its half-life (T ,) is 3.82
days, and it decays by emission of alpha particles of
energy 5.5 MeV; 22°Rn is called thoron, it belongs to
the 2*>Th decay series and its 7}, = 55.6 s; 2'°Rn is
called actinon, it belongs to the 233U decay series and
its T, =3.96s. The current epidemiological investi-
gations of occupational exposures of miners and do-
mestic exposures of people, in general, proved the ex-
istence of the risks of lung cancer due to inhalation of
radon and radon progeny [2, 3]. In addition, it is re-
ported that radon gas in dwellings causes about 21,100
lung cancer deaths per years in the USA [4]. Radon de-
cays into two products, 2'8Po and 2!4Po, and their in-
teraction with the biological tissues in the lungs leads
to DNA damage [5] which causes cell mutation that
leads to cancer [6]. Radon comes from soil, building
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materials, and water supplies. It can penetrate through
cracks and breaks in the walls and establishments in-
side homes where it can be accumulated to harmful
levels. Inhaling of indoor radon and its progeny forms
about 60 % of the total background radiation dose of
human beings [7]. Radon concentration in indoor air is
on average 2-10 times higher than that in the free at-
mosphere [8-10] and it depends on the rate of exhala-
tion of radon from the soil and the intensity of turbu-
lent air mixing.

The exposure to radon progeny (£P) is expressed
in units of working level months (WLM). 1 WLM has
been equal to 1 WL exposure for 170 hours, which is
equivalent to 130,000 MeV alpha energy per liter air or
20.8 pJ alpha energy perm® air. In case of EP athome, as-
suming 7000 hours are spent indoors per year, 1 Bqm ==
=0.0044 WLM [11].

Many investigators are interested in the topic of
measuring indoor radon concentrations in different re-
gions in the world [12-14] and in Saudi Arabia
[15-17]. In addition, some academic programs in
Saudi Arabian universities are concerned with moni-
toring the radon levels in the different areas in the
Kingdom [18]. The first survey of this type was in
1984 [19]. In the last decade, Alghamdi and Aleissa
[15] studied the radon level in Riyadh. It was found
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that the radon concentration varied from 1 to 195
Bqm™, with an average value of 24.68 Bqm™.
Al-Yami [20] measured such concentrations in the
Najran region and found that it ranged from 9 to 163
Bqm with a mean value of 49 + 14 Bqm™>. The aver-
age radon concentration in low ventilated rooms in
Jeddah was 46.80 + 8.80 Bgm™ [21] but in
Al-Madinah Al-Munawarah the average radon con-
centration was 21 +£2.5 Bqm[16]. In Al-Kharj, it was
114 + 41 Bqm™ [17]. Despite the previously men-
tioned literature, more surveys are still needed to add
new building types and other geographic locations to
the radon database.

This study intends to find the indoor radon con-
centration in various dwellings in Arar city. Such an
estimation was carried out using a CR-39 detector as
an instance of alpha-particle etched track detectors. It
is worth mentioning that the present work is the first of
its kind in this region and has been done to assess the
health risks. In addition, the annual effective dose (H)
received by the population of Arar was assessed. The
exposure to radon progeny (EP) and excess lifetime
cancer risk (ELCR) were reported as well. Finally, this
work enriches the radon survey in the main cities of
Saudi Arabia.

EXPERIMENTAL WORK

Integrated indoor radon measurements were per-
formed for thirty-three dwellings of Arar city, fig. (1),
in randomly selected homes. Arar is located at 30°59'
N41°1'E atapproximately 546 m above sea level. It is
the northern border province capital. It is to the far
north of Saudi Arabia on the Iraqi border. CR-39 track
etched detectors (TASTRACK) were used for indoor
radon level measurements. This is in accordance with
the National Radiological Protection Board (NRPB)
Measurements Protocol [22]. The density of used
CR-39 (C,H,40,) is 1.3 gem™ and its thickness is
about 0.5 mm. CR-39 sheets were cut into pieces of di-
mensions 1.0 cm % 1.0 cm before use. In the present
work, CR-39 films are fixed on the bottom of plastic
cups of 10 cm height and 5 cm diameter and the cup
was filtered through a filter membrane. This method is
called “Filtered Setup”, fig. (2). The filtered setup has
been calibrated in a homemade radon calibration sys-
tem [23]. The exposure time in all the dwellings was
about four months from May to September 2017. After
irradiation the detectors in the houses, the rate of track
density were calculated after etching the detector, the
radon concentration was determined in each house. In
the present work, we have apartments and detached
houses. They were built using sand, cement, bricks,
marble, and concrete as construction materials. Each
house has two to four rooms with common walls and,
in some cases, interconnecting doors. Most of the
buildings were air-conditioned. The climate in Arar is

classified as hot desert climate so, energy saving has
led to the tighter sealing of windows and doors, so the
radon concentration must be very significant. The hu-
midity levels in this period of time were 12-41 %, and
the temperature range was 22-46 °C. After collecting
the detectors (samples) from the dwellings, they were
chemically etched at first using a 6.25 M sodium hy-
droxide solution at 70 °C for 6.5 hours. A water path
of stabilizing temperature (accuracy £0.5 °C) was uti-
lized in the etching process. The collected samples
were inserted in bottles with tight lids to ensure the
constancy of the etching solution concentration. The
samples were grasped at the same depth in the etchant
solution. Then, they were immersed in running water
for a reasonable time interval to remove all etchant
products from the surfaces. At last, the samples were
painstakingly dried and afterward utilized for analy-
sis. An optical microscope fitted with a magnification
0f40-100 X was used for estimation of the track diam-
eter. Such a microscope was associated with a web
digital camera to catch images of the sample using the
microscope and was saved on a laptop. To analyze the
tracks after calibration, a commercial software
(Lumenera INFINITY ANALYZE software) was
used.

The radon concentration (Cg,,) in Bqm™ is cal-
culated according to the following relation

P
Crp =— 1
Rn = (1)

o

where K is the calibration factor (tracks cm */Bqm
day), the quantity used to convert the observed track
density rates to the activity concentrations, p is the av-
erage track density (track cm™) and ¢, is the exposure
time (day) [24, 25]. Indeed, the calibration factor K
could be found using the calibration device described
in a previous work [23].

The annual effective dose (H), in units of mSvy,
to the inhabitants of the investigated city due to radon
and its progeny is calculated by applying the following
equation

H=Cy,FOTDF, 2)

where F is the equilibrium factor between radon and
its progeny [26]. According to UNSCEAR for typical
residential environments, an average value of 0.4 was
taken [27]. O is the occupancy factor taken as 0.8, 7—
the time in hours in a year and D — the dose conversion
factor whose value to the public is 4 mSv/WLM. F5 —
the annual correction factor whose valueis 0.81[15].
The exposure to radon progeny (EP), in units of
WLM, is related to the radon concentration in Bqm™

by the eq. [28]
P :CRHJ (3)
3700

The excess lifetime cancer risk (ELCR) gives the
probability of developing cancer over a lifetime at a
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Figure 1. The map of the investigated area in this work (taken from https://time.is/map/Arar) (the black circles are the
location of the investigated dwellings)

given exposure level. It is displayed as a value repre- ELCR =HDLRF “)

s§nting the numbe.r ofa.dditioneq cancers expected in a where DL is the average of lifelife span (estimated to
given number of individuals with exposure to a can- be 74.5 years in Saudi Arabia), RF is the fatal cancer

cer-causing agent ata given dose. It depends on H as in risk per Sievert (5.5-10 Sv) recommended by ICRP
the following equation 103 [29].
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Figure 2. Schematic diagram of the geometry of the
CR-39 radon detector used

RESULTS AND DISCUSSIONS

The code, geographic location, storey level, ven-
tilation and altitude from sea level of the different sam-
ples (dwellings) are presented in tab. 1. The concentra-
tion of radon recorded in all dwellings at the 33
locations of Arar city is shown in fig. 3. It was ob-

served that Cy, varied from 7.7 Bqm™ in the location
10 km from Arar (S27) to 89.1 Bqm™ in An Nasiriyah
(S8) with an average value of 44.05 + 6.21 Bqm,
which is slightly higher than the world average of 39 +
+2.3 Bqm™ [7]. The geometric mean is also calcu-
lated and its value is 39.51 Bqm™ with a geometric
standard deviation of 1.67. Thirteen dwellings have
Cr,, values less than the worldwide weighted average.
The radon concentrations, in general, are within the
acceptable region set by the ICRP, which is (0-300)
Bgm™ [30] and the safe limit of 150 Bqm set by the
Environmental Protection Agency (EPA) of the USA
[31]. The higher values of Cy, in some locations may
originate from the soil and rocks that are found around
the dwelling that accumulates indoors. In addition,
people's habits represent a significant parameter.

The annual effective doses (H) received by the
population of Arar have also been found and presented
intab. 2. These doses vary from 0.16 to 1.82 mSv with
an average of 0.9 + 0.16 mSv and the geometric mean
15 0.81 mSv. These doses do not exceed the ICRP limit,
which is 3-10 mSv [26]. About 21 locations have an-
nual effective doses under 0.97 mSv.

Table 1. The code, geographic location, storey level, ventilation and altitude of the different dwellings of Arar

Sample code Location Storey level Ventilation of the dwellings Altitude [m]
S1 Al-mesaedya Al-gharbia Ground Ventilated 544
S2 Al-mesaedya Al-gharbia Ground Ventilated 544
S3 Al-mesaedya Al-gharbia Ground Ventilated 544
S4 Al-mesaedya Al-gharbia Ground Not ventilated 544
S5 Al-mesaedya Al-gharbia Ground Ventilated 544
S6 An Nasiriyah P Ventilated 549
S7 An Nasiriyah 2m Ventilated 549
S8 Al-mesaedya Al-sharkia Ground Not ventilated 539
S9 Al-mesaedya Al-sharkia Ground Ventilated 539

S10 Al-mohamadya I Ventilated 538
S11 Al-mohamadya I Ventilated 538
S12 Al-khaledya Ground Ventilated 546
S13 10 km from Arar 2 Ventilated 547
S14 Al-mohamadya I Ventilated 538
S15 Al-mohamadya ™ Ventilated 538
S16 Badanah I Ventilated 541
S17 Badanah I Ventilated 541
S18 Al-mohamadya 2m Ventilated 541
S19 Al-mohamadya 2nd Ventilated 541
S20 Al-khaledya ™ Ventilated 549
S21 Al-mohamadya on Ventilated 541
S22 Al-khaledya Ground Not ventilated 546
S23 Al-Salehya 31 Ventilated 556
S24 Al-Salehya 31 Ventilated 556
S25 25 km from Arar o Ventilated 533
S26 10 km from Arar 2" Ventilated 547
S27 Midtown of Arar 2 Ventilated 544
S28 Al-mesaedya Al-gharbia I Ventilated 547
S29 25 km from Arar Ground Ventilated 527
S30 Midtown of Arar on Ventilated 544
S31 Al-mesaedya Al-sharkia I Ventilated 542
S32 Al-mesaedya Al-sharkia ™ Not ventilated 542
S33 Al-mesaedya Al-gharbia ™ Ventilated 547
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Figure 3. The concentration of radon recorded in (a)
ground (S1-S5 Al-mesaedya Al-gharbia, S8, S9
Al-mesaedya Al-sharkia, S12, S22 Al-khaledya, S29 25
km from Arar); (b) first (S10, S11, S14, S15
Al-mohamadya, S16, S17 Badanah, S20 Al-khaledya,
S28, S33 Al-mesaedya Al-gharbia, S31, S32 Al-mesaedya
Al-sharkia): (c) second and third-storey levels (S6, S7 An
Nasiriyah, S13 10 km from Arar, S18, S19, S21
Al-mohamadya, S25 25 km from Arar, S27, S30
Midtown of Arar, S23, S24 Al-Salehya)

The exposure to radon progeny (EP) is calcu-
lated by using eq. (3) taking the equilibrium factor ()
to be 0.4 and the results are presented in tab. 2. The
minimum, maximum and average values of EP are
0.83-103,9.63-10 3 and 4.76 £ 0.67-1073, respectively
while the geometric mean is 5.05-103 WLM. The ex-
cess lifetime cancer risk (ELCR) values found by ap-
plying eq. (4) are reported in tab. (2) as well. They
ranged from 0.6-107 to 7.5-1073 with an average value
0f3.7-1073. It should be mentioned that all the sites ex-
ceed the world average of 0.29-10-3 [32] which sup-
ports this study and demonstrates the importance of
measuring radon concentrations.

Table 3 represents the effect of the storey level
on Cy,, H, EP, and ELCR. 1t is obvious that, as the
storey level increases, these parameters decrease. This

Table 2. Annual effective dose, exposure to radon
progeny and excess lifetime cancer risks in the different
dwellings of Arar

Sample | Annual effective ](Eixposure to  |Excess lif?tiﬁne
number | dose [mSv] r(e{VcI)Jr]lv;[)r)ngTgy}, canxcle &r}ls
S1 0.53 2.83 2.20
S2 1.15 6.09 4.71
S3 1.14 6.03 4.67
S4 1.66 8.79 6.80
S5 0.74 391 3.03
S6 0.74 391 3.03
S7 0.82 4.32 3.35
S8 1.82 9.63 7.45
S9 0.83 4.42 3.42
S10 0.64 3.37 2.61
S11 1.00 5.33 4.12
S12 0.90 4.77 3.69
S13 0.79 4.15 3.22
S14 1.10 5.84 4.52
S15 0.79 4.15 3.22
S16 0.58 3.10 2.40
S17 1.09 5.76 4.46
S18 0.83 4.39 3.39
S19 0.67 3.55 2.75
S20 0.85 4.49 3.47
S21 1.14 6.04 4.67
S22 1.28 6.76 5.22
S23 0.29 1.55 1.20
S24 0.96 5.07 3.92
S25 1.36 7.20 5.57
S26 0.15 0.83 0.65
S27 0.34 1.78 1.38
S28 0.85 4.49 3.47
S29 1.47 7.78 6.02
S30 0.30 1.58 1.22
S31 0.89 4.74 3.66
S32 1.23 6.52 5.05
S33 0.75 3.98 3.08

Table 3. The influence of the storey level on radon
concentration, annual effective dose, exposure to radon

progeny and excess lifetime cancer risks
Average | Average é{veragre A\)Zerage
S Total radon | annual |SXPOSUIC| OXCCSS
tOreY | 1o, of | concen- | effective | ©© radon | lifetime
level dwellings| tration dose p{%gfﬁl/[y, ca_n]céer
Bqm™] | [mSv] | WEM) | risks
4 x10 x10
Ground 10 56.4 1.15 6.1 4.72
I 11 43.5 0.89 4.7 3.65
oM & 3" 12 34.2 0.70 3.7 2.86

is due to the heavy nature of radon gas. Itcan not reach
higher storey levels and consequently, the soil is ex-
cluded as areason for radon accumulation. So the type
of building materials and ventilation rate are the main
causes of such accumulation in these higher storey lev-
els. In other words, there is a positive relationship be-
tween the nearness to the soil and the values of these
parameters.
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To understand qualitatively radon and its associ-
ated risks, it is important to study the relation between
Cr, and its statistical distribution. To construct a prob-
ability distribution for each Cy, and also A in this
work, the Gaussian distribution function, G(x), was
used which is given by [33]

2

1 exp{— (x—m)

V2no? 2%°
where G(x) dx represents the probability of the value
of x (x here represents Cg, or H) to lie between x
and x + dx, m and &” are the distribution average and
variance, respectively. Figure 4 shows the frequency
distribution of Cr, (Bqm™) and H for 33 dwellings of
the investigated area. It can be seen that most states
(more than 70 % of all the dwellings) have Cy, be-
tween 30-70 Bqm . In addition, 58 % have H in the
range 0.8-1.7 mSv per year and about 12 % exceeds
1.4 mSv per year.

The comparison of our results with those of
neighboring regions in Saudi Arabia is presented in
tab. 4. It is obvious that the average Cy, in Arar is
larger than in Al-Jauf and Hafr Al-Batin regions, this
may be attributed to the effect of soil and construction
materials. Since there is phosphate ore present largely
in this area which is one of the major sources of natural

G(x)dx = }dx )
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Figure 4. The frequency distribution of radon
concentration and annual effective dose

Table 4. A comparison of present results with those of
neighboring regions

Number of | Average radon
Region measured | concentration Reference
samples [Bqm ]
Arar 33 44.05 £ 6.21 | Present work
Al-Jauf 136 35+£30 [35]
Hafr Al-Batin 85 20+£2.7 [36]

Table 5. Average radon concentrations in dwellings in the
nearest countries

Average radon
Country concentration [Bqm ] Reference
Arar 44.05 £6.21 Present work

Turkey 81 [37]
Iraq 116.8 [38]
Syria 45 [39]
Jordan 56.7 [40]
Egypt 9 [41]

radon gas [34]. Finally, tab. 5 presents the comparison
between the average Cy,, and the published data in the
neighboring countries. Itis clear that the value of aver-
age Cy, in Arar is higher than its value in Egypt and
Syria while it is lower than the values in Turkey, Iraq,
and Jordan.

CONCLUSIONS

The radon concentrations in different dwellings
of Arar, Saudi Arabia, were measured and it was found
that: Cy,, varied from 7.7 to 89.1 Bqm™ with an aver-
age value of 44.05 + 6.21 Bqm™ which is within the
acceptable level set by the ICRP. More than 70 % of all
the dwellings have Cy, between 30-70 Bqm™. The
higher values of Cy,, in some locations originate from
the soil and rocks that are found around the dwelling
that gets accumulated indoors due to poor ventilation.
The annual effective doses (H) received by the popula-
tion of Arar vary from 0.16 to 1.82 mSv with an aver-
age value 0f 0.90 + 0.16 mSv. These doses are within
the acceptable level set by the ICRP. The exposure to
radon progeny was investigated and the minimum,
maximum and average values of EP are 0.83-1073,
9.63-1073,4.76 £0.67-10~3 WLM, respectively. EP de-
pends on the equilibrium factor and Cy,. The excess
lifetime cancer risk values were in the range from
0.6-1073 to 7.5-1073 with an average value of 3.7-107.
As the storey level increases, Cy,,, 4, EP and ELCR de-
crease which refers to the heavy nature of radon gas. In
higher storey levels the accumulation of radon is
mainly due to the type of building materials and the
ventilation rate. Finally, the average Cy, in Arar is
larger higher than in the Al-Jauf and Hafr Al-Batin re-
gions.
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NOMENCLATURE

Crn — radon concentration

D — dose conversion factor whose value to the
public is 4 mSv/WLM

DL  — average duration of life (life expectancy)

ELCR — excess lifetime cancer risk

EP  — exposure to radon progeny

F — equilibrium factor between radon and its progeny

H — annual effective dose

K — calibration factor (tracks cm_z/qu_3. day)

0] — occupancy factor taken as 0.8

RF  — fatal cancer risk per one sievert

T — time in hours in a year

to — exposure time (day)

WLM — working level months

Greek symbol

2, — average track density (track cmﬁz)
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Ajman M. ABJAJIA, Camn EJI-TAMAJI

MEPEBA KOHIHEHTPAIIMJE PATOHA Y 3ATBOPEHOM ITIPOCTOPY
CTAMBEHUX OBJEKATA Y TPAJ1Y APAPY Y CAYIUIJCKOJ APABNIN

Kopumhewem CR-39 rerekTopa n3mMepeHa je KOHIeHTpalyja pagoHa y 3aTBOPEHOM POCTOPY Y
33 crambena objekTa y rpagy Apapy. Paj je nmpBu oBe BpcTe y pernoHy U CHPOBEJICH je Y UIbY MPOIeHE
3/[paBCTBEHOr pu3uKa. [lepmoj; Mepema je M3HOCHO OKO YeTHpPH Mecela, off Maja mo cenmrembpa 2017.
roguHe. V3MmepeHa je mpoMeHa KOHIEHTpaldje pajioHa y 3aTBOPEHOM MPOCTOpY Y omcery of 7.7 mo
89.1 Bqm™, ca cpenmwom Bpeanohy o 44.05 + 6.21 Bqm™—, reomerpujckom cpenunom off 39.51 Bqm™ u
TeOMETPHjCKOM CTaHAAPIHOM JieBujanujom of 1.67. OBe BpefHOCTH Cy YHYTap NMPUXBATIHLUBUX T'pPaHUIA
KOje je ycnocraBmiia MehyHnapoyaa koMucnja 3a 3aIlITATY Of 3paduema. [I[pukaszaHna je rogquiima e(peKTHBHA
1034 KOjy IPUMU CTAaHOBHUIITBO Apapa 1 Hanasu ce y oncery 0.16-1.82 mSv, ca cpepwoM Bpepnouthy on
0.9 £ 0.16 mSv u reomeTpujckoM cpeguroM oy 0.81 mSv. McnuraHo je u n3narame NOTOMIUMA pajioHa ca
MUHMMAJIHOM, MaKCHMaJIHOM, CPe[IHOM BpefHolIhy 1 BpegHouihy reomeTpujcke cpeaune of 0.83-1073,
9.63-1073, 4.76 + 0.67-107 u 5.05-10 WLM, pecnextusHo. Ha Kpajy, pagyu OpolieHe pU3MKA 3a HACTAHAK
KapIXHOMA, HCIIUTAH je JYTOPOYHN PU3UK 3a HACTaHAK KapIUHOMA, YHja je Cpeiiba BPETHOCT PEIaTUBHO
yBehana u usnocu 3.7-107.

KmwyuHe peuu: padoH, KonueHipayuja padoHa, padoH y 3aitieOpeHoj cpeOuru, citlambenu objexait,
CR-39



