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Abstract
In the present work, samples of building material are analyzed for their naturally occurring radioisotope
activity such as uranium, radium, and radon. The radon emission rates, and the annual effective doses, “AED”,
are also investigated. The activity of twenty-four samples, taken from the local markets of Saudi Arabia, was
determined using the “Sealed-cup Technique” and Solid State Nuclear Track Detectors, “SSNTD.” The uranium
concentration activity of the samples is found to vary from 0.62 to 4.68 ppm with an average of 1.92±0.42 ppm.
The radium concentration varies from 0.61 to 4.64 Bq⋅kg−1, with an average of 1.91±0.42 Bq⋅kg−1, the radon
concentration in the samples varies from 42.29 to 319.97 Bq⋅m−3 with an average of 131.53±28.94 Bq⋅m−3. The
value of the dissolved radon concentration in the collected samples varies from 12.99 to 98.97 Bq⋅m−3 with an
average of 40.41±8.89 Bq⋅m−3. The mass exhalation rates are found to vary from 1.54 to 11.65 mBq⋅kg−1⋅h−1, with
an average of 4.79±1.05 mBq⋅kg−1⋅h−1, while the surface inhalation rates vary from 76.97 to 582.35 mBq⋅m−2⋅h−1,
with an average of 239.38±52.66 mBq⋅m−2⋅h−1. The AED due to indoor uses varies from 1.07 to 8.07 mSv⋅y−1, with
an average of 3.32±0.73 mSv⋅y−1. The AED due to indoor plus outdoor uses varies from 1.47 to 11.10 mSv⋅y−1,
with an average of 4.56±1.0 mSv⋅y−1. The results of this study show that the values obtained for most samples
are within the internationally accepted recommended values. Therefore, these samples can be used as building
materials as they do not pose a major risk to humans.

Introduction
Naturally occurring isotopes existing in the environment is a vital source of
radiation exposure to humans that elevate background radiation level. Everybody
has signi icant amounts of radiation that develops due to their exposure to naturally
occurring radioactive materials. Radioactive nuclides are found in the air, clay, and
sandy soils as well as in the food that we eat or by exhalation and deposition in the
body’s tissues [1]. The primary natural contributors to external exposure doses are
U, Ra, and Rn. Because these radioactive nuclides are not equally distributed, the
knowledge of their presence in soils and rocks as trace amounts play an essential
role in radiation exposure measurement. It is mandatory to check building materials
as a potential source that contributes to total radiation dose [2]. The contribution of
gamma rays emitted from 226Ra, 232Th, and 40K to public exposure dose are about 55.5%
for 226Ra, 14% for 232Th, and 13.8% for 40K [3]. From the worldwide average doserate, about 8% dose is due to radiation exposure of terrestrial radionuclides, which is
equivalent to 60.9 nGy⋅h-1 (equivalent to an effective dose of 74.7 μSv⋅y-1), especially
for areas with a common background [4]. Considerable contributors to indoor radon
222
Rn depend on building materials; 222Rn is the daughter of 226Ra, which, in turn, is
derived from a longer parent 238U.
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The external exposure dose to people is due to naturally occurring isotopes, which
vary based on the surrounding geological nature and geographical altitude conditions
in the region in which people live. Granite is the more favorable natural material that
contains uranium. However, it usually is possible to ind bedrocks rich in uranium or
different types used in the domestic market as building materials. Building materials
are sources of aerosol radioactivity. In addition, external radiation also occurs as a
result of the decay series of uranium in buildings. However, radon inlet into houses is a
complicated process involving building materials, soil, gas, water, and weather-related
parameters, where 226Ra in construction materials in some cases are the primary
source. Much of the radon releases originate from radium trapped in mineral grains of
building materials. In building materials that possess high radium activity, it is crucial
that the radon exhalation rates be measured [5].
Some regions usually suffer from a higher level of exposure doses such as cities,
whereas in mountains of Magma and ire rocks in China, India, Afghanistan, etc., the
exposure rate may vary depending on the different seasons and variations in radon
emanation rate [6]. A considerable amount of 226Ra decay products are brought to
the ground surface via many shallow and deep groundwaters, which rise up during
earthquakes [7]. Recently, radon exhalation rate from building materials has become a
signi icant topic in several works of literature [1,5]. Therefore, it is crucial to evaluate
radioactivity in conventional building materials, where the existing radiation is due to
alpha-emitters that are harmful, and cause energy to dissipate sharply in human body
tissues. Therefore, U, Ra, and Rn concentrations, and radon exhalation rates for building
materials must be investigated from a radiation safety point of view [2]. It is of utmost
importance that we identify the amount of inhaled radon 222Rn from these materials.
This is because the short-lived products of radon decay will stay inside the lungs.
This becomes the main contributors to lung dose [8]. Radon is a radioactive nuclide
and is short-lived. It is the most hazardous isotope because of its gaseous nature, and
potential for being exhaled by humans. In addition, all radioactive progenies of U, Ra,
and R could adhere to aerosols. The trapping of such radioisotopes in the lungs leads
to deposition of their alpha-particle energies in body tissues. Alpha-particles, in turn,
produce a higher ionization density than beta particles or gamma rays. The exposure
dose of the population to a high activity level of alpha-particle emitters, especially on
most of the radon, over a long time, will lead to pathological, as well as functional effects
in the respiratory system. Eventually, lung cancer could result. Lung cancer, kidney
diseases, and skin cancer are due to the exhalation of radon decay products, causing
various adverse health effects [8]. Hence, it is mandatory to study the concentration
measurements of alpha emitters in building materials and the extent to which alpha
emissions cause various diseases, especially lung cancer. The principal objective of
this work is therefore to measure radon exhalation rate and annual effective doses
due to radon activity across multiple building materials used for paving works and
constructional material works in Saudi Arabia.

Materials and Methods
Collection and preparation of samples
Twenty-four building material samples were collected from customarily used
building materials available on the market, randomly taken from housing locations,
other buildings that are under construction, and from building material suppliers
in Saudi Arabia in December 2016. The customarily used building materials include
marble, granite, brick, block, concrete, gypsum, and mosaic, as shown in table (1).
These samples were prepared such that their volume and surface were measured,
crushed, milled, and sieved using a 2 mm mesh, and then dried in an oven. Then, about
75-100 g of each building material sample was placed indoors, then covered securely
and placed in polyethylene cylindrical gas-tight vessels with a volume of 360 cm3 and
cross-sectional area of 20 cm2, as shown in igure 1.
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013

Radiological assessment of exposure doses and radon exhalation rates of building materials in Saudi Arabia

Table 1: Natural radioactivity concentrations, mass and surface exhalation rates, and annual effective dose for building materials.
Annual effective dose
mSv⋅y−1

AED
limit<5
mSv⋅y−1

Sample
no.

Building
material
samples

Building
material
Code

ρ×103
track⋅cm−2

CU
(ppm)

CRa
Bq⋅kg−1

CRn
Bq⋅m−3

CS×103
Bq⋅m−3

EX(M)
mBq⋅kg−1⋅h−1

EX(S)
Bq⋅m−2⋅h−1

1

Granite

GT

21.37

4.68

4.64

319.97

98.30

11.65

582.35

8.07

3.03

×

2

Marble

ML

15.68

3.43

3.40

234.84

72.15

8.55

427.42

5.92

2.22

×

3

Gray Cement

GC

13.49

2.95

2.93

201.98

62.05

7.35

367.61

5.10

1.91

×

4

Engineering
Bricks

EB

13.19

2.89

2.86

197.55

60.69

7.19

359.55

4.98

1.87

×
×

Indoor

Outdoor

5

Ceramics

CR

12.86

2.81

2.79

192.59

59.17

7.01

350.52

4.86

1.82

6

Mosaic Tiles

MT

12.86

2.81

2.79

192.59

59.17

7.01

350.52

4.86

1.82

×

7

Concrete Bricks

KB

12.55

2.75

2.72

187.88

57.72

6.84

341.93

4.74

1.78

×

8

Soft gypsum

SG

9.29

2.03

2.02

139.14

42.75

5.06

253.24

3.51

1.32

√

9

Porcelain

PC

8.47

1.85

1.84

126.83

38.97

4.62

230.84

3.20

1.20

√

10

Stone

ST

7.84

1.72

1.70

117.44

36.08

4.27

213.74

2.96

1.11

√

11

Rock

RK

7.70

1.69

1.67

115.35

35.44

4.20

209.93

2.91

1.09

√

12

Limestone

LS

7.53

1.65

1.63

112.73

34.63

4.10

205.16

2.84

1.07

√

13

Cement Tiles

CT

7.53

1.65

1.63

112.73

34.63

4.10

205.16

2.84

1.07

√

14

White Cement

WC

7.53

1.65

1.63

112.73

34.63

4.10

205.16

2.84

1.07

√

15

Heavy gravel

HG

7.21

1.58

1.57

108.01

33.18

3.93

196.58

2.72

1.02

√

16

Muddy Bricks

MB

7.21

1.58

1.57

108.01

33.18

3.93

196.58

2.72

1.02

√

17

Burnt Clay
Bricks

BB

6.78

1.48

1.47

101.52

31.19

3.70

184.77

2.56

0.96

√

18

Thermiston

TS

6.66

1.46

1.45

99.79

30.66

3.63

181.62

2.52

0.94

√

19

Light gravel

LG

5.46

1.20

1.19

81.78

25.13

2.98

148.84

2.06

0.77

√

20

Cement Block

CB

5.33

1.17

1.16

79.83

24.52

2.91

145.29

2.01

0.76

√

21

Sand-Lime
Bricks

SB

4.55

0.99

0.99

68.08

20.92

2.48

123.91

1.72

0.64

√

22

Fossil Sand

FS

3.76

0.82

0.82

56.36

17.32

2.05

102.58

1.42

0.53

√

23

Washed Sand

WS

3.11

0.68

0.68

46.63

14.33

1.70

84.87

1.18

0.44

√

24

Gypsum

GM

2.82

0.62

0.61

42.29

12.99

1.54

76.97

1.07

0.40

√

Maximum

21.37

4.68

4.64

319.97

98.30

11.65

582.35

8.07

3.03

×

Minimum

2.82

0.62

0.61

42.29

12.99

1.54

76.97

1.07

0.40

√

Average

8.78

1.92

1.91

131.53

40.41

4.79

239.38

3.32

1.24

√

Standard Deviation

1.93

0.42

0.42

28.94

8.89

1.05

52.66

0.73

0.27

--

Figure 1: Sketch of the sealed-cup technique with a sample of the building material.

The SSNTD, which is generally a polyallyl diglycol carbonate (C12H18O7)
commercially known as CR-39 track detector, faces the sample, as per igure 1. The
dosimeters were sealed entirely for a period of four weeks to obtain equilibrium
between 226Ra and 222Rn. This procedure is essential to guarantee that the radon gas
and its progenies are at equilibrium and are con ined within the sealed cup. ACR39 detector was placed at the closed upper end of the plastic cup (5.7 cm diameter and
18 cm length). Meanwhile, the sample-detector distance was kept at 16 cm, and a ixed
volume (40 cm3) of building material samples was maintained in the plastic cups, as
shown in igure 1.
Published: February 23, 2018
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The ratio of the volume of the cups to the sample was more than 10, which reduces the
probability of back diffusion [9], while the distance between the sample surface and
the detector was about 16 cm, which reduces the thoron. The (220Rn) concentration
around the detector approaches at most 10% of the total thoron concentration close to
the sample surface, but the effects of thoron contribution on the detector readings are
insigni icant [10]. The cups were hermetically sealed and stored for about 100 days.
We then determined the uranium concentration, effective radium concentration, radon
exhalation rate, and the annual effective doses in building material samples using the
passive technique called Solid State Nuclear Track Detectors, and the “sealed-cup
technique” [11].
Etching and scanning process
The radon gas produces tracks of alpha particles emitted after the alpha decay of
radium concentration in the samples. The exposure of the detectors to alpha-emitter
gas in the vessel continues for about 100 days. After exposure, we retrieve the detectors
and etch them for six hours in 6.25 N NaOH solution maintained in an etching bath with
a magnetic stirrer at a constant temperature of (70±1)ºC to enlarge the tracks. The
detectors are then washed and dried. Subsequently, we count the alpha tracks using
an optical microscope (Krüss MBL2000) at a magni ication of 400x (40x objective and
10x eyepiece). The alpha-particle emitted concentrations from radon gas that emerge
from the building material samples are determined using a nuclear track detector CR39 of 250 μm thickness and an area of about (1×1 cm2). To determine the background
distribution due to radionuclides that occur naturally in the environment around the
detector, we prepare an empty vessel with a detector in the same place as the samples.
This value is later subtracted from every reading once the background activity
concentration is determined.
Calculation process
Radon concentration: The alpha particles are emitted by radon bombarding a CR39 detector, which makes tracks inside it. These tracks are scanned using an optical
microscope. The area of the ield of view is equal to (5.3×10−3 cm−2), while the track
density is de ined as the integral number of tracks per ield of view and counted per
cm−2. The calculated tracking density was converted to radon activity in Bq⋅m−3 using
a calibration factor (k), which is obtained from the date sheet of the manufacturer
(Bq⋅m−3)⋅ (tracks⋅cm−2⋅day−1) −1, where every track recorded per one cm−2 per day on
the CR-39 detector is equivalent to 23.1 Bqm−3. This is due to exposure to a variety of
activities derived from radon gas and its progenies.
The track density ρ is measured using Equation (1): [12].


N
i

n A

i

,

(1)

Where, ρ is track density (in tracks⋅cm−2) and corresponds to the concentration CRn
of radon activity (in Bqm−3), Ni is the total number of tracks, n is the total number of
ields of views, and A is the area of the ield of view.
The exposure time t is derived using Equation (2): [13].

  C Rn   t ,

(2)

Where, η is the detector sensitivity factor of CR-39 plastic track detector, equal
to 4.3319×10−2 tracks⋅cm−2⋅day−1⋅(Bq⋅m−3)−1, k is the calibration factor (k=1/η),
assuming that the half-life of 226Ra and 222Rn is 1625 years and 3.82 days, respectively.
It is rational to assume that a secular equilibrium (approximately 99%) of the radonradon members of the decay series is achieved within four weeks, almost. As soon
Published: February 23, 2018
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as the radioactive equilibrium has been reached, the analysis of alphas emitted from
radon could be used to estimate the steady-state activity concentration of radon. Once
the radioactive equilibrium has been veri ied, the alpha-radon assay can be used to
determine the steady-state activity concentration of radon. The activity concentration
of radon CRn begins to increase with time t, after the closing of the cup, according to the
relationship portrayed in Equation (3): [1].

C Rn  Bq  m 3   C Ra 1  e  Rn t  ,

(3)

where CRa (in Bq⋅kg−1) is the radium activity density of the sample and λRn is the
decay constant of 222Rn (7.56 × 10−3 h−1). Then, the tracks in the detector are used to
measure the time-integrated value of the density of the track, as per Equation (2),
i.e., the integrated number of emitted alphas per unit volume due to disintegration,
corresponding to the detector sensitivity η through the exposure time t. Hence, the
track density observed is given by Equation (4): [1].

   C Rn  t eff ,

(4)

where teff is the effective exposure time given by Equation (5): [14].

t eff  t   Rn  e  Rn t  1  ,

(5)

Where,  Rn is the mean lifetime of radon. In this case, we found that Equation (6)
provides more accurate results for obtaining effective exposure time:



t eff  t  7  t 1 2    Rn  e




 Rn  t  7t1 2

 





1  ,


 

 

t eff   exp Rn  t  7  t 1 2   Rn  t  7  t 1 2   1  Rn .



(6)

The concentration of dissolved radon gas in building material sample Cs is calculated
using Equation (7): [15].
C S  Bq  m 3  

h t
 Rn C Rn ,
L

(7)

where, h is the gap distance, separating the upper surface of the building material
sample and the detector, measured in meter (0.16 m), t is time of exposure (100 days),
L is the depth of the sample (0.02 m), λRn is the decay constant for radon, and CRn is the
radon activity density in ambient air (Bq⋅m3).
Effective radium concentration
To calculate the effective radium concentration of the building material sample, we
apply Equation (8): [16].
   V 
C Ra  Bq  kg 1   

,
   t eff   M 

(8)

where A is the area of the cup cross-sectional per (m2), M is the sample mass of the
building materials per (kg), teff is the effective exposure time, and V is the void volume
of the container (m3), where V=h⋅A.
Radon exhalation rates
The mass exhalation rate Ex(M) of the sample for the release of radon is calculated
using Equation (9): [14].
E x M

 C Ra
 t eff

  Bq  kg 1  d 1   

  Ra

  Rn


.


(9)

The surface exhalation rate Ex(S) of the sample for the release of radon is calculated
using Equation (10): [17].
Published: February 23, 2018
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C      M 
E x  S   mBq  m 2  h 1    Ra    Ra   
,
 t eff   Rn   A 

(10)

M
E x  S   mBq  m 2  h 1   E x  M   
 A

(11)


,


where λRa is the decay constant of 226Ra.
Uranium concentration
To determine the uranium concentration CU in parts-per-million (ppm) of the
building material samples, Equation (12) is used [17].
W 
C U  ppm    U  ,
(12)
W S 
where WS is the weight of the sample, and WU is the uranium weight in the sample,
calculated from the following relationship:
Wu 

Nu Mu
,
N av

where Mu is the uranium molecular weight, Nu is the number of uranium atoms,
and Nav. is Avogadro’s number (6.023×1023 atom⋅mol-1⋅g-1). When secular equilibrium
is established, the following balance could be veri ied:

N U  U  N Ra  Ra ,
where λu is the uranium decay constant (4.98 × 10-18 sec-1).
Annual effective dose
The estimated annual effective dose due to radon concentrations is compared with
the recommendation of United Nations Scienti ic Committee on the Effects of Atomic
Radiation “UNSCEAR,” in its year 2000 report [18]. It is noted that the relationship
between radon activity and recommended radon effective dose has a conversion factor
of 9 nSv per (Bq⋅h⋅m−3). Assuming 7008 hours per year indoor (an indoor occupancyfactor of 80% of 8760 hours of a year, 20% for outdoors) and an equilibriumfactor of 0.4 for indoors, and 0.6 for outdoors [19], using the mentioned UNSCEAR
recommendation, the effective dose for one-year radon exposure can be calculated
using Equation (13): [18].

Dose(mSv  y -1 )  C Rn T  f Rn  Feq ,

(13)

Where, fRn is the conversion factor = 9 nSv⋅(Bq⋅h⋅m−3)−1.
T is the time spent indoors per year = 7008 hours; outdoors per year = 1752
Feq is the equilibrium fraction (0.4) for indoors, and (0.6) for outdoors,
CRn is the radon concentration.
Substituting the previous quantities in Equation (12), we get the annual effective
dose according to the following relationship in Equations (14,15):
For indoors, the annual effective dose is given by Equation (14):
Dose(mSv  y -1 )  0.02523  C Rn .

(14)

For outdoors, the annual effective dose is given by Equation (15):
Dose (mSv  y -1 )  0.00946  C Rn .
Published: February 23, 2018
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Results and Discussion
In this work, twenty-four samples of various building materials were analyzed by
utilizing the sealed-cup technique. Table 1 shows the measured uranium, radium, radon,
dissolved radon concentrations, mass and surface exhalation rates, and annual effective
dose for the building material samples per (kg). From this data, we can determine the
uranium concentration, as per table 1, for various building material samples from local
markets in Saudi Arabia. It appears that the highest level of uranium concentration was
4.68 ppm, owing to GT (granite), whereas the lowest concentration of uranium was
0.62 ppm in GM (Gypsum) with a mean value of 1.92±0.42 ppm. The value of effective
radium concentration in the collected samples varies from 0.61 to 4.64 Bq⋅kg1 with an
average value of 1.91±0.42 Bq⋅kg−1, the value of radon concentration in the collected
samples varies from 42.29 to 319.97 Bq⋅m−3 with an average value of 131.53±28.94
Bq⋅m−3. Also, the value of the dissolved radon concentration in the collected samples
varies from 12.99 to 98.30 Bq⋅m−3 with an average value of 40.41±8.89 Bq⋅m−3. The
mass exhalation rates have been found to vary from 1.54 to 11.65 mBq⋅kg−1⋅h−1. With an
average value of 4.79±1.05 mBq⋅kg−1⋅h−1, while the surface exhalation rates vary from
76.97 to 582.35 mBq⋅m−2⋅h−1, with an average value of 239.38±52.66 mBq⋅m−2⋅h−1. The
total annual effective dose due to indoor and outdoor uses varies from 1.47 to 11.10
mSv⋅y−1, with an average value of 4.56±1.0 mSv⋅y−1. The uranium concentration from
the obtained results in most samples was lesser than the global average concentration
of uranium in the soil, which is 3 ppm except for the granite and marble samples [18].
Figure 2 shows the distribution of uranium and radium concentrations in various
building material samples of Saudi Arabia, while igure 3 shows the radon gas
concentration in the void and dissolved radon concentration in the solid from different
building material samples. Figure 4 shows the distribution of mass and surface
exhalation rates for radon from several building material samples. Figure 5 shows the
indoor and outdoor annual effective doses due to different building material samples.
By reviewing the mass and surface exhalation rates, the obtained values for radon can
be determined, and are shown in table 1. The value of this data is lesser than that
mentioned in several works of literature [17,19-22]. Radon exhalation rates observed
in the current study are also quite below the world average of 57,600 mBq⋅m−2⋅h−1
(0.016 Bq⋅m2⋅s−1) and hence will not cause any health hazards to residents [20].
Though this study, the uranium concentration data from the building material
samples, as observed from table 1, is found to be very small and insigni icant in causing
health hazards. The radium concentrations, as shown in table 1, are lesser in value
than the reported results given in several works of literature [23-25]. The effective
radium concentration data is lower than the permissible limit of 370 Bq⋅kg−1, as per the
recommendation from the Organization for Economic Cooperation and Development

Figure 2: Uranium and effective radium concentrations from different building material samples.
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Figure 3: Uranium and effective radium concentrations from different building material samples.

Figure 4: Mass & surface exhalation rates of radon from different building material samples.

Figure 5: Indoor & outdoor annual effective doses due to different building material samples.

“OECD” [26]. Hence, the results show that these building materials are safe and are
not a radium health hazard. This means that the building materials taken from the
locations or suppliers will not induce any dangerous levels of indoor radon.
Consequently, the annual effective doses from granite, marble, gray cement,
engineering bricks, ceramics, mosaic tiles, and concrete brick samples are higher
than the recommended values set by the National Council on Radiation Protection
and Measurements “NCRP” report NCRP-168 [27], the International Commission on
Radiological Protection “ICRP” report ICRP-118 [28], and the UNSCEAR-2000 report
[18]. The maximum value for public exposure is set at 1 mSv⋅y-1. For occupational
workers, the exposure is 20 mSv⋅y-1. The typical range of radiation dose from natural
sources is from 1 to 10 mSv⋅y-1 with an average of 5 mSv⋅y-1. This is because the annual
worldwide per individual effective dose is determined via the addition of various
components of external exposure from cosmic rays and terrestrial gamma rays as well
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as internal exposure from inhalation (mainly radon) and ingestion. Obviously, we can
observe that some samples are not safe to be used as building materials if used on a
broad spectrum in Saudi Arabia. It is therefore essential to legalize the amount used
in buildings and houses. Meanwhile, we must also note that the radon concentrations
measured using the sealed-cup technique indicate that the air during the whole
exposure time was con ined within the cup; thus, providing excellent ventilation
conditions in buildings will eliminate signi icant exposure to this hazard and result in
a lower dose. These high doses are apparently due to the high concentration of radium
samples and low level in the other samples, as per table 1.

Conclusions
The sealed-cup technique uses SSNTD. It is an ef icient, cheap, and useful tool
for measuring long-term radon exhalation rate, radium concentration, and uranium
concentration. Values obtained for annual effective doses of granite, marble and gray
cement samples are more than 5 mSv⋅y-1, for which engineering bricks, ceramics,
mosaic tiles, and concrete brick samples approach this value. Therefore, the radon
exhalation rate from buildings constructed from these materials is high, and a warning
restriction of their use in building construction must be issued. In addition, the
elevated radon concentrations measured via the sealed-cup technique means that the
air during the whole exposure time was con ined within the cup. Thus, by ensuring
proper ventilation conditions in buildings, reducing the amounts of these materials
will eliminate signi icant exposure and result in a lower dose.
The radon exhalation in these samples was found to be well below the average
world value of 57,600 mBq⋅m−2⋅h−1 (0.016 Bq⋅m−2⋅s−1). Hence, it is concluded that
these materials may be used for construction purposes, as they do not pose any health
hazards. It is mandatory to study the radon exhalation rates, so as to understand the
contribution of the building material towards total radon concentrations in dwellings,
in addition to its involvement in water supplies, especially in groundwater resources.
Hence, we conclude that the obtained doses from the sample building materials in
Saudi Arabia are quite safe and do not pose any radiation health hazards.
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