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We obtained the radionuclide concentrations of 238U, 232Th, and 40K in various samples of the
granite stones by measuring with a high efficiency NaI(T1) (10.16 cm x 10.16 cm) scintilla-
tion detector. The activities of 238U, 232Th, and “°K were recorded and determined by a
full-spectrum analysis. The concentrations of radionuclides were found to be in ranges of
32.3-92.6 Bqkg1,23.9-52.2 Bqkg1, and 796.5-2018.4 Bqkg! for 238U, 232Th, and 40K, re-
spectively. The radiological dose rates and the hazard indices were also calculated in this analy-

sis.
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INTRODUCTION

Granite is one of the most popular materials used
in buildings, both for interior and exterior parts. Like
the other environmental materials, granite has natural
radioactivity. The radioactivity concentration varies
from region to region in a country. The main contribu-
tion of radioactivity to the external exposure belongs
to 238U, 232Th, and “°K nuclei. The natural radioactiv-
ity of granite stones is generally high [1, 2]. Monitor-
ing and measurements of the concentrations of these
radionuclides in the environmental materials are sub-
stantially important to determine their activities at the
time and provide adequate protections. By means of
the developed techniques for measuring radioactivity
levels, the accuracy of the natural radioactivity moni-
toring increases.

So far anumber of studies have been done in a cou-
ple of countries [3-6]. In ref. [3], the authors investigated
the activity concentrations and dose rates of the decora-
tive granite in U.S. In refs. [4, 7, 8], the authors evaluated
the activity on the granite stones in Egypt. Several studies
also referred to the measurements of radioactivity con-
centrations in the soil and rocks of the local regions [9,
10]. In Iran, a few studies have also been done especially
in Ramsar, a city in Northen Iran [11]. Another study [12]
evaluated radon exhalation rate from granite stones.
Asgharizadeh et al. [13], measured radioactivity concen-
trations of 22°Ra, 22Th, and “’K in the limited number of
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granite stones in Tehran, the capital of Iran. A key limita-
tion of these studies is that the activities of >**Th and
226Ra have only been determined by taking the mean ac-
tivity of photo peaks of some daughter nuclides. Further-
more, the activity levels of radionuclides in the samples
have been achieved by comparing methods using refer-
ence materials.

The main concern of the present work is to eval-
uate the natural radioactivity of the decorative granite
in Iran market. In this study, using a relatively large
Nal(T1) scintillation detector having a high efficiency,
we measured the 238U, 232Th, and °K activity levels in
19 samples of decorative granite stones collected from
some parts of Iran. Then the full spectrum analysis was
done [3, 14] and Monte Carlo code MCNPX was used
for the detector efficiency, gamma conversion, and
self-absorption corrections [15].

MATERIALS AND METHODS

Experimental measurements and
sample preparation

Nineteen different types of decorative granite
samples were collected from different cities of Iran:
including Urmia (1), Zanjan (2,3), Qazvin (4),
Hamedan-black (5), Borujerd (6), Isfahan (7-9), Yazd
(10-12), Nehbandan (13-15), Zahedan (16-18) and
Taibad (19). The samples were cut into a square
shapes) 10 cm x 10 cm) with the height ranged ranging
from 1.6 cm to 2.0 cm.
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Sodium iodide scintillator detectors activated by
thallium are widely applied for gamma-rays detection
because of their high efficiency and relatively accept-
able energy resolution. Therefore, the granite samples
were placed in frontofa 10.16 cm x 10.16 cm Nal(T1)
scintillation detector coaxially with the crystal. In all
cases, the distance between the samples and the detec-
tor was 2 mm.

The main measurement electronics consisted of
an Nal(Tl) detector having a photomultiplier tube
(PMT) which was connected to a bias supply running
at 900 V, a preamplifier, and a spectroscopy amplifier.
All received signals from the amplifier were digita-
lized by a multi-channel analyzer (MCA) and a PC.

By increasing measuring times, the accuracy of
the measurement improved. Thus, gamma spectrome-
try was done in 10* seconds for each sample while the
lower threshold energy was 0.1 MeV. During spec-
trometry, the system was calibrated with 3’Cs and
%0Co sources to set the MCA energy scale.

To prevent the detector from background and
backscattered radiation, the outer cylinder of scintilla-
tion detector was covered with 4.3 cm lead shielding
and all sides of the samples were surrounded by a 5
cm-thick lead blocks.

The counting rate provided by the applied detec-
tor is proportional to the radioactivity in the samples.
The background spectrum was measured and sub-
tracted from the signals. The main sources of
gamma-rays from natural materials are 23U, 232Th,
and 4°K.

Simulation procedures

The detection of gamma ray emitted from gran-
ite stone in Nal(T1) scintillation detector was modeled
by MCNPX2.6 radiation transport code. The simula-
tion was done to assess the response and efficiency of
the detector under irradiation by granite sample. For
this purpose, a cylindrical sample of granite stone with
diameter of 10.16 cm and thickness of 1.8 cm was
placed at a distance of 2 mm from Nal(TI) detector.
The granite density was 2.69 gcm™ whose elemental
composition was 48.42 % O, 2.73 % Na, 0.43 % Mg,
7.62 % Al, 33.62 % Si, 3.41 % K, 1.30 % Ca, 0.18 %
Ti, 0.04 % Mn, 2.16 % Fe, and 0.10 % Pb [16]. These
density and elemental composition were used for all
granite samples, because they are the world-wide av-
erage density and customary elemental composition
for granite. The gamma ray sources have randomly
been considered within this sample, which emitted
photons into 4n. Therefore, gamma conversion and
self-absorption could be taken.

Three separate calculations were done for the
gamma-ray spectra from the naturally occurring radio-
active isotopes “’K, 238U, and >**Th. For *°K source, the
energy of gamma was 1.4608 MeV. The gamma ray en-

Table 1. The number of gamma lines, and the average
number of gammas emitted per disintegration of the
parent [17]

Parent Number of lines Ny
3y 84 241
32Th 100 4.13

K 1 0.107

ergies and intensities for the 23U and 23> Th decay series
were considered based on [17]. In these energy spectra,
the absolute intensities have been normalized to 100 de-
cays of the parent nucleus assuming secular equilibrium
of the uranium and thorium decay series and limited to
intensities higher than or equal to 0.1 gamma rays per
100 decays of the parent nucleus. The number of
gamma lines and the average number of gammas emit-
ted per disintegration of the parent achieved by integrat-
ing the spectra are listed in tab. 1.

To determine the response of the Nal(TI)
scintillator, an F8:p tally was used to produce an en-
ergy pulse distribution created in a volume represent-
ing a physical detector. The responses were calculated
in terms of the expected pulse-height spectra observed
in a MCA using 256 channels. In MCNPX calcula-
tions, the energy resolution of Nal(T1) scintillation de-
tector was defined as 10.73 % at z,, =0.662MeV (i.e.,
the Gaussian energy broadening of MCNPX calcu-
lated pulse-height spectra was defined according to
FWHM = a+b(E+ cE? )1/2 where a, b, and ¢ are
user-supplied coefficients and £ equals £) [18].

RESULTS AND DISCUSSION
Activity concentrations

For 19 granite samples, the measurements were
performed to achieve the related gamma pulse height
spectra. To obtain the activity concentration for each
granite sample, the related measured pulse-height
spectrum was fitted to three calculated spectra
achieved from Monte Carlo simulation.

The multiple linear regressions (x> minimization)
were performed based on Genetic algorithms using sta-
tistical computing software (R- software). The multiple
linear regression is used to explain the relationship be-
tween measured pulse-height spectrum (dependent vari-
able) from three calculated spectra of 238U, 232Th, and
40K sources (independent variables). It must be noted
that the results of Monte Carlo calculation are normal-
ized to one source gamma. By performing this fitting
procedure for each sample, three scale factors (f;) were
achieved which represent the contribution of 233U, 23> Th,
and *°K,, in creating of the measured spectrum. The activ-
ity concentration for each radioactive isotope can be ob-
tained by the following equation

A7 S
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Figure 1. A typical measured pulse-height spectrum in
MCA with the results of full-spectrum fitting procedure

where is the granite sample-identifying index, N ; i
the average number of gammas emitted per disintegra-
tion of the parent and given in tab. 1, and m; — the sam-
ple mass in kg.

Figure 1 shows a measured gamma spectrum ofa
sample (solid points) with the results of full- spectrum
fitting procedure. The simulated spectra are shown
with different line styles: 238U (short dot), 2>’Th (dash
dotted), and “°K (dashed). The sum of the simulated
spectra is shown as the solid line.

In the following section, we focus on interpreting
the results obtained from various samples. The results of
the activity concentrations of 38U, 2*2Th, and K in dif-
ferent samples are shown in tab. 2. The specified activity

Table 2. Concentrations of 2**U, »2Th, and “/K in the
different decorative granite samples of Iran

Sample region | Sample ID [Bﬁ(Ugfl] [Bglzg’l] [Bﬁ(l(g—l]
Urmia-Takab 1 50.5 239 836.9
Zanjan-Blue 2 92.6 46.9 | 1788.1
Zanjan- Beige 3 81.2 459 1828.3
Qazvin 4 68.7 346 | 11343
Hamedan-Black 5 52.5 35.6 | 1285.6
Borujerd 6 55.3 302 | 12834
Isfahan-Red 7 36.4 25.7 796.5
Isfahan-Natanz 8 83.9 415 | 10714
Isfahan-Naein 9 52.4 30.8 | 1086.7
Yazd-Dimond 10 70.2 333 | 11475
Yazd-Red 11 64.8 29.5 | 1048.5
Yazd-Rabbit 12 91.5 46.6 | 1329.8
Nehbandan-White 13 75.2 343 1378.8
Nehbandan-Orange 14 68.9 353 | 1456.4
Nehbandan-Black 15 323 27.7 | 1008.4
Zahedan-Orange 16 373 479 | 2018.4
Zahedan 17 58.8 44.6 1338.8
Zahedan-Kh 18 383 29.3 | 1199.1
Taibad 19 39.5 522 | 1652.4

Average 60.5 36.6 1299.4
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Figure 2. Activity concentrations of 19 decorative
granite samples of Iran: white for U, black for Th
series and gray columns for ’K in Bqkg™

of *0K is higher with respect to the case of 238U and 3*Th
(in tab. 2). The activity concentrations of **U, 2*2Th, and
40K ranged from 32.3 to 92.6 Bgkg™!, 23.9 to 52.2
Bgkg!, and 796.5 to 2018.4 Bgkg ™', respectively. The
average values of 60.5 Bgkg ™', 36.6 Bgkg ™!, and 1299.4
Bgkg ! were also obtained for 238U, 23*Th, and *°K,, re-
spectively. Figure 2 shows these concentrations for indi-
vidual radionuclides in columns.

Radiological doses and hazard indices

The main concern of using the granite stones in the
building materials is the radiation dangers to humans due
to the gamma-ray emissions of radionuclides inside
them. Therefore, measuring the radiological hazard indi-
ces is very important to manage these materials. In the
following, some of our calculations regarding radiation
doses and hazard indices are discussed.

Radium equivalent activity (Ra,)

The essential contribution of the natural radioac-
tivity comes from the gamma-ray emitted by materials
which contain 238U, 232Th, and “°K. The radioecology
of these substances is defined as Equivalent Radium
Activity (Ra,y) in terms of Bqgkg'. The principal as-
sumption of this definition is that 370 Bgkg ! of 23U,
260 Bgkg ! of 2?Th, and 4810 Bqkg ' of “°K exhibit
the same gamma-ray dose rate. According to the 2008
UNSCEAR report, the Ra, is defined by the follow-
ing relation [14]

Rag, = Ay + 1434, +0.074y )

where Ay, A, and Ak are the activity concentrations of
28U, #*Th, and “K families in Bgkg ™', respectively,
shown in tab. 2. Table 3 shows the Ra,, for 19 samples of
granite ranged from 134.5 Bgkg ™' to 297.6 Bgkg ' with
the average value of 212.9 Bgkg ' which is lower than
the maximum value reported by UNSCEAR [19] and
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Table 3. The Ra,, [qug"], absorbed dose rate D [nGyh"],
annual effective dose rate (AEDR; pSvy™) and external

and internal hazard indices for granite samples of Iran

Sample ID | 5l y | 1oy )| [usvy'l] | P | P
1 149.1 72.7 89.1 0.4 0.5
2 297.6 145.7 178.7 0.8 1.1
3 287.6 141.5 173.5 0.8 0.9
4 205.5 99.9 122.6 0.5 0.7
5 202.4 99.4 121.9 0.5 0.7
6 197.2 97.3 119.3 0.5 0.7
7 134.5 65.6 80.4 04 0.5
8 225.8 108.5 133.1 0.6 0.8
9 180.1 88.1 108.1 0.5 0.6
10 206.2 100.4 123.1 0.6 0.7
11 187.7 91.5 112.2 0.5 0.7
12 260.5 125.9 154.4 0.7 0.9
13 230.4 112.9 138.5 0.6 0.8
14 231.5 113.9 139.7 0.6 0.8
15 149.6 73.7 90.4 0.4 0.5
16 261.2 130.3 159.8 0.7 0.8
17 225.7 109.9 134.8 0.6 0.8
18 172.6 85.4 104.8 0.5 0.6
19 241.4 118.7 145.6 0.6 0.8

Average 212.9 104.3 127.9 0.6 | 0.7

NEA-OECD [20] (the recommended values are less than
370 Bgkg ). The radium equivalent activities calculated
for rocks in some areas in the world are as follows:
9-239 Bqkg ' in Malaysia [10], 29-72 Bgkg ' in Egypt
[8], the average value of 4998 Bqkg ' in Turkey [21], and
39-122 Bgkg ' in Saudi Arabia [22].

Gamma radiation dose rate (D)

The absorbed dose rate is the energy deposited in
a medium by ionizing radiation per unit of time. The
absorbed dose rate in air 1 meter above the ground
level is [14]

D[nGyh~'1=04624, + 06044y, +04174, (3)

Table 3 shows the measured absorbed dose rate for
all samples, ranging from 65.6 nGyh™' to 145.7 nGyh™!,
with the mean value of 104.3 nGyh™' which was greater
than the population-weighted value reported by
NSCEAR 2008 (59 nGyh ™). The dose rates reported in
the various references have been 4-112 nGyh ™' in Malay-
sia[10], 5-45 nGyh™! in Egypt [8],219 nGyh™" in Turkey
[21], and 18-54 nGyh™! in Saudi Arabia [22].

Annual effective dose rate (AEDR)

The annual effective dose rate is proportional to
the absorbed dose rate in air with two coefficients: 0.7
Sv/Gy conversion coefficient from the absorbed dose
rate in air to effective dose equivalent received by
adult and 0.2 occupancy fraction for the outdoor. The
annual effective dose rate (AEDR) is given by

180
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Figure 3. The annual effective dose rates for granite
samples investigated in this work

AEDR (uSvy!) = D [nGyh™']-8760 [hy']-
-0.2:0.7-1073
“4)
The values of the annual effective dose rate for the
granite samples are presented in tab. 3. Figure 3 also
depicts these values ranging from 80.4 uSvy! to
178.7 uSvy™! with the mean value of 127.9 uSvy™.
These mean values were also compared with those
reported by the UNSCEAR 2008, i. e., 70 uSvy!
[19], Malaysia, i. e., 72 uSvy™' [10], and Turkey, i. e.,
269 uSvy ! [21].

External and internal hazard indices (Hex, Hiy)

The values of the external and internal hazard in-
dices must be less than unity to neglect the radiation
hazard. The Hex and Hin hazard indices were calcu-
lated from the following formula

AU ATh AK
=—+—+ 5
370 259 4810 )
A, A A
L =fU Am o FK
185 259 4810

Table 3 shows the values of H,, and H,, for vari-
ous samples, ranging from 0.4 (0.5) to 0.8 (1.1) with
average 0of 0.6 (0.7); fig. 4 indicates the H, and H;, for

(6)
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Figure 4. The external and internal hazard indices for
granite samples investigated in this work. The dotted red
line depicts the maximum value allowed for the H;,

H index
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all samples. In the second sample (sample ID = 2), the
., was higher than unity. Therefore, using this sample
in the building material is not advised.

CONCLUSION

The natural radioactivity due to the presence of
238, 232Th, and “)K in the decorative granite stones in
some parts of Iran was evaluated using the gamma-ray
spectroscopy. The results showed that the radium equiv-
alent activity and the external and internal hazard indices
were lower than the worldwide average and the gamma
radiation dose rate and annual effective dose rate were
greater than the average value. The results in fig. 4 show
that the samples No. 2, 3, 16, and 19 have the highest
concentration of radionuclides. The higher concentra-
tions of radionuclides in some samples depended on the
geological features of the areas where the granites be-
long. These samples belonged to Zanjan, Khorasan, and
Zahedan Provinces of Iran. The hazard indices showed
that only the second sample had the /;, higher than unity.
Therefore, in most of the samples investigated in this
study, the radiological hazard was below the recom-
mended values.
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Paxum KABA3, Mapjam XACAHBAH]I

KOHIEHTPAIIMJA PAJIMOAKTUBHOCTU U JO3HE
KAPAKTEPUCTUKE I'PAHUTA

Kopucretim Nal(Tl) comatmnanmonn aetektop (10.6 cm x 10.16 cm) BUCOKe epUKACHOCTH,
ofpenwn cMO KoHueHTpanuje paguonykmuga 28U, 222Th u “K y pasnuumtum y3opuuma rpaHuTHOT
kamema. AxtusHoctu 28U, 22Th u “°K oppebene cy u 3abeneskeHe aHANM30M YKYIOHOT CIEKTpa, a
KOHIIeHTpanyje paguonykauaa 3a 28U, 22Th u “°K usnocune cy 32.3-92.6 Bqkg !, 23.9-52.2 Bgkg ' u
796.5-2018.4 Bqgkg ™!, pecniektusno. [TpopauyH jaunHe f03a ¥ MHIEKCA PaJUjallMOHOr PU3MKA TaKobe je
00yxBaheH OBOM aHAIIM30M.

Kwyune peuu: ciiekiipomeitipuja 2ama 3paderba, Nal(Tl), paduoaxitiusHocill, 003Ha Kapaxilepuciiuka,
2panuin, MCNPX




