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The indoor dose due to the radiation of ceramic and granite tiles, marble, granite and traver-
tine plates, as well as some components of covering materials, produced in Serbia or imported
from other countries, was estimated in the work. Activity concentrations of 226Ra, 232Th, and
40K were measured by the standard gamma-spectrometry system. The lowest content of the
radionuclides was found in white marble (Ay, = 2 Bq/kg, Ay, < 2 Bq/kg, and A < 3 Bq/kg),
while the highest activities were in some granite samples (Balmoral red: Ay, = 200 Bq/kg,
Ay, =378 Bq/kg, and A = 1679, and Madura Gold: Ay, = 273 Bq/kg, Ay, = 20 Bq/kg,
and Ag = 1456 Bq/kg). The indoor absorbed dose rate in air due to the gamma radiation from
covering materials was determined based on the specific absorbed dose rate computed in this
work. Concentration of 222Rn that emanated into the indoor space was also calculated from
the known 226Ra content. The radiation hazard estimated from the usage of each sample was
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expressed through the evaluated effective dose. Almost all samples, except one, fulfil the

dosimetric criterion for safe use.
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INTRODUCTION

The radiation protection principle of dose limits
implies the restriction of the individual effective dose
to the value of | mSv per year above the typical natural
background [1]. According to the UNSCEAR 2008
[2] data for indoor doses received from gamma radia-
tion (0.41 mSv per year) and by inhalation of radon
(1.15 mSv per year), the value of 1.56 mSv per year
can be considered as the average background level for
the exposure to building materials radiation.

Covering building materials may contain signifi-
cant amounts of natural radionuclides and thus increase
the indoor dose. In papers [3-11], the activity concentra-
tions of 2°Ra, 232Th, and “’K (4, A7, and Ay) in cover-
ing materials used in different countries have been
shown. The results vary in awiderange, i. e., measured
values for tiles are Ag,: 28-105 Bg/kg, Ap,: 33-88 Bg/kg,
and Ay: 24-1049 Bg/kg, for granite is Ap,: 1-588 Bq/kg,
Aqy: 1-906 Bq/ kg, and Ag: 58-1606 Bg/kg, while in the
case of marble: Ag,: 2-37 Bg/kg, Ap,: 3-19 Bg/kg, and
Ay:4-310 Bg/kg. The values of the activity concentration
for the materials in Serbia, published in the papers
[12-14] are also in these ranges.

* Corresponding author; e-mail: dragana@kg.ac.rs

In estimation of the dose originating from the ra-
dioactivity of 238U (**°Ra), 23>Th, and *°K in a cover-
ing material, in addition to the radiation from the mate-
rial itself, the effect of the covering of a structural
material (concrete) also has to be taken into account
[15, 16]. To determine the dose that originates from the
cover layer, it is necessary to know the concentration
of radionuclide activities in the structural material. In
the document EC 1999 [16] the hypothetical values of
the activities, typical for EU materials, have been used,
so the absorbed dose of covering material is expressed
through unique conversion coefficients. For a material
with thickness of 3 ¢cm and a density of 2.6 g/cm?,
placed over all the walls of a concrete room, for the
specific absorbed dose rates of 22°Ra, 23°Th, and *°K it
was obtained: gp, =0.12, g, = 0.14, and g = 0.0096,
in nGy/h per Bg/kg.

However, covering materials for common indoor
usage have various thicknesses, often less than 3 cm.
Also, depending on the composition, material density
varies within the same species. In this paper, therefore,
the doses originated from natural radionuclides in cov-
ering materials of different thickness and density were
evaluated. The results of the calculation of specific ab-
sorbed doses and exhalation rate of ?2>Rn (per unit con-
centration of 2*°Ra) were applied to certain materials
produced or imported in Serbia, for which the activity
concentrations of 22°Ra, 232Th, and *°K were known.
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MATERIALS AND METHODS
Measurement

Measurement of radionuclide content were
made for 35 samples of the covering building materi-
als, final construction products and material compo-
nents, originating from Serbia or imported. The types
of investigated materials and their producers are listed
in tab. 1, in an overview of the results of measurement
of radionuclide activities.

The activity concentrations of 2?°Ra, 23?Th, and “’K
in the materials (powdered and hermetically closed in 1 L
Marinelli beakers) were determined by standard gamma
ray spectrometry. The Canberra HPGe detector with rela-
tive efficiency 26 % and FWHM = 1.8 at 1332 keV (*’Co)
was used. Efficiency calibration of the detector was per-
formed in the energy range 40-3000 keV.

Calculation

The total effective dose E from a covering mate-
rial can be represented as a sum of the contributions of
external gamma (E,,, )., and internal (**?Rn) irradia-
tion (E_,,)in¢ [2], reduced by the amounts correspond-
ing to the shielding of radiation from the structural ma-
terial, (AE,)q and (AE, )i, respectively

int>

E :Eext +Eint :(E _AEstr) +(E _AEstr )int

M

(indices cov and str refer to the covering and structural
material).

The effective dose of gamma radiation is usually
calculated from the absorbed dose rate in the air, D,
which, for covering building materials, can be repre-
sented in the form [16]

cov ext cov

D:Dcov _ADstr :(qUAU +thATh +CIKAK )cov -
—(AquAy +Agp A, +Aqyg Ay Vg )

where Ay, A, and A, are the activity concentrations
of 2*U, #*Th, and *°K in a material. Coefficients qu,
g, and gk denote the specific absorbed dose rates of
these radionuclides for covering material and Agqy,
Agm, and Agg are the appropriate amounts of reduc-
tion of these parameters for structural material. Using
the conversion factor 9 nSvm’/(Bgh), according to the
UNSCEAR 2006 [17], Eiy is determined by the con-
centration of *’Rn exhaled from the material

Cra =%§ (Jcov _AJstr ) (3)

v
where the exhalation rate, J,,,, and the flux attenua-
tion, AJy,, are proportional to the concentration of
*Ra in individual materials [18].

Specific absorbed doses for 238U, 232Th, and “°K
radiation were computed for a detection point at the
centre of the room with walls of concrete 20 c¢m thick,
with standard room dimensions: 5 m x 4 m x 2.8 m
[19]. Uniform covering of surface (all the walls, floor,
and ceiling) with the layer of covering material with
thickness of 0.5-3 cm and density of 1.5-3 g/cm? was
assumed.

The calculation of g, g1, and g was performed
in KERMA approximation, for NBS air composition
[20], using the (G-P) build-up factors [21]. The Kalos
form of build-up factors for the combination of layers
was applied in the assessment of the effect of covering
to the reduction of dose of structural material (con-
crete,) [22]. Further, for determination of the dose
from a very thin surface layer (glaze) only the non-col-
lided component of the radiation was considered. The
computation was done by software Mathematica 8, ap-
plying the Maduar and Hiromoto [23] method of inte-
gration over the volumetric source of radiation.

The concentration of 2?2Rn in the room was cal-
culated from the expression for the intensity of the ex-
halation from the wall [18], where the effect of the at-
tenuation of ?*’Rn flux from concrete, caused by the
presence of the covering layer, has been estimated us-
ing the solution of the transport equation, given in
NUREG [24]. Typical parameters were used — the co-
efficient of the emanation: 0.15 [25], the diffusion
length for 2*?Rn in granite: 16 cm [26], and in con-
crete: 40 cm [27]. The value of the intensity of ventila-
tion was 0.5 per hour, the equilibrium factor between
radon and its progenies was 0.5, while possible differ-
ences in the moisture content and porosity of the mate-
rials were not taken into account.

The chemical content of each of explored build-
ing materials was approximated with the elemental
composition of ceramics, published in Turtiainen et al.
[28]. The attenuation coefficients for gamma radiation
ofradionuclides in this composite were obtained using
the program XCOM [29]. In addition to the interpola-
tion on the energy [30], the parameters of (G-P)
build-up factors for ceramics were determined by the
Lagrange interpolation of the ANSI/ANS [31] dataon
the atomic number [32]. The effective atomic number,
Z.s, was evaluated, which does not vary significantly
with energy: Z 4 € (11.5-13.5), due to the dominant
participation of the Compton scattering in the attenua-
tion of radiation,. Otherwise, these values of Z g be-
long to the range characteristic for most of the rocks
and minerals [33] and are close to the results for con-
crete [21, 34].

RESULTS
Measurement

The activity concentrations, 4 (Bq/kg), of natural
radionuclides: 22°Ra, **2Th, and “°K (with associated
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Table 1. The activity concentrations A of natural radionuclides in the covering building materials; the average values are

in the brackets

Material (species, manufacturer)

Activity concentrations 4 [Bqkg ']

26R ., ‘ 22, ‘ 40
Ceramic tiles
“Polet”, Becej, Serbia 506 5716 696 + 73
“Toza Markovi¢”, Kikinda, Serbia 43+5 49+6 556 £ 58
“Keramika Kanjiza”, Kanjiza, Serbia 66 + 7 65+7 729 + 75
«Zorka keramika”, Sabac, Serbia 75+ 8 58+ 6 720 + 81
“Keramika Vojni¢”, Croatia 41£5 35+4 619 £ 62
“Martex”, Slovenia 30+3 38+ 4 423 + 44
“KAI Group”, Bulgaria 32+4 52+6 195 £21
“Prima”, Spain 54+6 59+6 940 + 100
“Pamisa”, Spain 48 +5 55+6 870 + 90
“Gemma”, Egypt 32+4 47+5 607 £ 62
[47 £ 5] [52 £ 6] [636 + 67]
Granite tiles
“Emil Ceramica Group”, Italy 34+4 38+5 403 £ 45
“Gres Ceramico Porcellanato”, Italy 56+6 51+6 641 + 65
(black) “Ergon”, Italy 32+4 55+6 633 +£65
(beige) “Ergon”, Italy 93+9 59+7 491 £50
(gray) “Ergon”, Italy 37+4 62+7 721+73
“Keramin”, Belarus 44 +5 65+7 324+ 34
[50 £ 5] [55 6] [536 +55]
Granite
“Granit”, Jablanica, Bosnia and Herzegovina <2 <2 70+ 8
“Mermeren kombinat”, Prilep, Macedonia 23+3 33+4 560 + 59
“Krin”, Prilep, Macedonia 61 +7 67+9 1143 + 133
“Pirin Mramor”, Sandanski, Bulgaria 31+3 47+5 812 +83
“Pavlidis”, Drama, Greece 12+1 19+£2 997 + 100
“Asan Insaat”, Ankara, Turkey 16 +2 15+2 327 + 35
“Blockgandara”, Spain 61+7 106 + 12 1130+ 118
Royal White “Marmor Kamin”, Greece 10+1 12+1 234+9
Absolute Black “Marmor Kamin”, Greece 10+ 1 11+1 219+9
Madura Gold “Marmor Kamin”, Greece 273 + 14 2042 1456 + 30
Balmoral Red “Pavlidis”, Drama, Greece 200 +£22 378 £40 1679 + 172
New Imperial Red, China 89+9 110+ 10 730 £ 75
[65 £ 6] [68 + 8] [780 + 70]
Marble
White marble Arandjelovac, Serbia 2402 <2 <3
“Mermeren kombinat”, Prilep, Macedonia <2 <2 6+0.7
“Predsednik”, Vratsa, Bulgaria 11+1 2403 33+4
“Komuru Cuoglu Mermer”, Turkey 3+04 <1 3+£0.3
[4£0.5] [2+0.3] [11+2]
Travertine
“Feranex”, Vaduz, Turkey 10+ 1 ‘ 28+3 ‘ 208 £22
Perlite
“S & B Industrial Minerals”, Athens, Greece 58+3 ‘ 69+ 4 ‘ 1068 + 52
Zircobit
“Industrie Bitoss”, Sovigliana, Italy 2891 +310 ‘ 493 + 51 ‘ 47+5
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Table 2. Specific absorbed doses ¢.,, from the covering layer of thickness d and density p; the lowering of specific absorbed
doses for concrete, Ag, with respect to the values of g, in the standard room [the contribution of the floor is: 26.5+2.3 %

4 qeo, [nGyh ™" per Bakg'] dar [nGyh ™' per Bakg ']
d [em]; p [gem™] 238 227 0 2385 230y, 0
0.7;2.4 0.0549 0.0649 0.00486 0.0520 0.0570 0.00390
1; 2.8 0.0905 0.107 0.00800 0.0860 0.0940 0.00640
2;1.7 0.109 0.129 0.00932 0.107 0.117 0.00810
3;2.6 0.241 0.289 0.0209 0.227 0.248 0.0173

combined standard uncertainties at 1 o confidence level),
measured in covering building materials used in Serbia,
are presented in tab. 1. Obviously, the lowest content of
the radionuclides was determined for white marble:
Ap, =2 Bq/kg, Ay, <2 Bg/kg, and Ay <3 Bg/kg; while
the highest activities were exhibited by samples of gran-
ite: Balmoral red (4, = 200 Bq/kg, A, =378 Bg/kg
and, Ay = 1679 Bg/kg) and Madura Gold: A4y, = 273
Bg/kg, Ap, =20 Bg/kg, and Ax = 1456 Bg/kg.

The variations of the content of radioactive ele-
ments in the samples reflect the different geological
origin of the constituent minerals and rocks. Thus,
travertine, typical for limestone sediments, has low
concentrations of 2?°Ra, 232Th, and “°K: 10 Bq/kg,
28 Bq/ kg, and 208 Bg/kg, respectively, for the sample
studied in this paper. The values of activity concentra-
tion of ??°Ra and 2%’Th in granite materials are
mainly determined by the abundance of the actinides
in accessory minerals: zircon, monazite, apatite [33].
The activities of natural radionuclides, measured in
the samples of granite plates were within following
ranges: Ay, =2-273 Bq/kg, Ap, =2-378 Bq/kg and
Ag = 70-1679 Bg/kg, and for granite tiles: 4y, =
=32-93 Bqkg, A, = 38-65 Bg/kg, and Ay =
=324-721 Bg/kg. Accessory minerals are likely those
which determine the radioactivity of perlite (Ag, =
=58 Bq/kg, A1, =69 Bg/kg, 4, =1068 Bg/kg), the ma-
terial obtained from the alumino-silicate ore of volca-
nic origin. The similar >*°Ra and >3>Th content in this
material (observed also in most other samples) may in-
dicate the coherent geochemistry of 238U and 2*?Th in
constitutive minerals, which could be caused by simi-
lar crystallochemical properties of these radioele-
ments in igneous rocks [33].

The radionuclide content in the layers of raw
clay material and pigment minerals in the glaze con-
tributes to the radioactivity of ceramic tiles Ay, =
=30-75 Bq/kg, Ap, = 35-65 Bqg/kg, and Ay =
=423-940 Bg/kg . For one of them, produced on the
basis of zircon minerals — zircobit, unusually high ac-
tivity was measured: 4y, ~ 3000 Bq/kg. The apparent
difference between the content of °Ra and 2*’Th in
this sample (as in granite Madura gold) can point out to
a disequilibrium among the 2*U and 23?Th series, be-
cause of a migration of uranium in raw rock material or
due to a separation during a production process.

The activities in tab. 1 are in the range of activity
concentrations of natural radionuclides in the samples

of the same kind worldwide [3-11]. Also, these results
do not differ significantly from the previously mea-
sured values for covering materials in Serbia [12-14].

Calculation

The results of the calculation of specific ab-
sorbed dose rates, qy;, g1, and gy, in the centre of the
room 5 m x 4 m x 2.8 m, originating from 238U, 23Th
and “°K in the materials of certain densities (o) and
thicknesses (), which approximate the usage parame-
ters of most of the covering materials, are given in tab.
2. The table also lists the amounts of the reduction of
specific absorbed doses of covered structural material
— concrete, Aqy, Agqy,, and Agg, with respect to the
values of gy, g1y, and gy corresponding to the radia-
tion of concrete in a standard room: g; = 0.757, g1y, =
=0.912, and g = 0.0700, in (nGy/h per Bg/kg) [35].

For different combinations of the thickness and den-
sity of the covering material in the interval d: 0.5-3 cm and
p: 1.5-3 g/em’, a simple fitting formula was derived in
Mathematica for determination of the absorbed dose of
gamma radiation in the air

D =pd[(003114, + 003714, +0002714, )0, —

—(0.02984 +0.03264 1, +0.002254¢ ), ] @
with D [nGyh™], for d expressed in cm and p in g/cm’.
The coefficient of determination of particular ele-
ments of the fit, i. e., qu, gth, gx> AQu, Agmh, and Agx,
has the value: R* = 0.999.

For very thin covering layers (glazes, varnishes,
coatings) using parameters: d=0.1 cm, p = 1.25 g/em?, it
was calculated: g; = 0.00417, g, = 0.00490, and gy =
=0.000368 (nGy/h per Bg/kg), while the reduction of ir-
radiation by the structural material is slight: ADg, = 1 %.
In addition, the dose [nGyh™'] is preferably expressed
through the mass of a material m [kg], used for covering
the surface S [m?], so that

Doy =%(0.00278AU +
+000327A4 7, +00002454, )., (5)

Table 3 shows the results of calculating the con-
centration of 2?Rn in the room, Cy,, exhaled from the
covering material of thickness d and density p and the
corresponding reduction, ACy,,, for structural material
(20 cm concrete), due to the presence of the cover
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Table 3. Specific activity concentrations of ’Rn [Cg, (Bq/m*)/Ag, (Bq/Kg)] .o, for the covering materials, and associated
reductions for structural material [ACR,,(Bq/m3)/Am.(Bq/l(g)]s,r

d [em]; p [gem™] [Cra (Bg/m’)/Ag, (Bg/kg)]eov [ACr,(Bq/m*)/ Ap(Ba/kg)]se
0.7;2.4 0.061 0.0228
1; 2.8 0.102 0.0326
2; 1.7 0.124 0.0659
3;2.6 0.282 0.0991

Table 4. The ranges and the average values of absorbed gamma dose rate D, radon concentration Cg,, the corresponding
effective dose rates, as well as the total effective dose E per year, calculated for the explored covering materials. The error
of approximately 10 % from measurement uncertainties are associated to all results. The values of doses for floor and

walls (without the covering of the ceiling) are (26.5 = 2.3) % lower

(Dmin = Dytax) (Enin— EMax)ext (Cramin = CraMax) (Emin — EMax)int (Emin = Evax)
Material species D E Rn E E

[nGyh™] [mSv] [Bqm ] [mSv] [mSv]

Ceramic tiles (<2-7.82); 3.95 (<0.01-0.04); 0.02 (1.03-3.78); 2.07 | (0.033-0.12); 0.065 | (0.04-0.16); 0.085

Granite tiles (2-10.3); 6.31 (0.01-0.05); 0.03 (2.12-8.35); 3.69 (0.067-0.26); 0.12 (0.08-0.31); 0.15

Granite (<2-170); 29.3 (<0.01-0.83); 0.14 (<1-73.5); 14.9 (<0.01-2.31); 0.47 | (<0.01-2.70); 0.61
Marble <2 <0.01 <1 <0.01 <0.01
Travertine <2 <0.01 <1 <0.01 <0.01
Perlite 14.7 0.072 4.88 0.15 0.22
Zircobit 14.5 0.071 13.2 0.42 0.49

layer. The data are given per unit activity concentra-
tion of 2°Ra in the overlay, or structural material. For
very thin layers it was computed: [Cg, (Bq/m?®)/4g,
(Bg/kg)] .oy = 0.00549, while the effect of the covering
of the structural material obtained was negligible.
Still, on the basis of their composition and structure, a
certain lowering of ?>’Rn permeability is likely.

In calculating the indoor dose for each type of
the explored materials, the appropriate conversion
factors from tab. 2 and specific concentrations of ra-
don (tab. 3) were applied, i. e., those referring to: d =
0.7 cm, p =2.4 g/em?, for ceramic tiles,d =1 cm, p =
2.8 g/cm’ — granite tilesand d=3 cm, p =2.6 g/cm?, for
granite, marble, and travertine. The dose correspond-
ing to the radiation of perlite was estimated assuming
its maximum presence (100 %) in the layer of mortar
with thickness of 2 cm and density of 1.7 g/cm?, while
zircobit was treated as the only component of the glaze
layer.

To quantify the effect of covering to the reduc-
tion of the dose of structural material, the activity con-
centrations: Ag, =35, Ay, =30, and A =400 in Bg/kg
in structural material were assumed, which are equal to
the world average for >?°Ra, 23>Th, and “°K content in
soil. Namely, these activities produce the dose of un-
covered structural material — concrete in the standard
room: 0.40 mSv per year, for gamma exposure (using
the conversion factors [35]) and 0.93 mSv per year, for
irradiation by radon, that are close to the average level
of indoor natural background [2, 36].

The minimum, the maximum and the average
values of indoor absorbed gamma dose, >??Rn concen-
tration and associated effective doses, determined on

the basis of the activity concentrations of the
radionuclides in the samples of covering materials
(tab. 1), are presented in tab. 4. Because of the negligi-
ble irradiation effect, the doses lower than 10 uSv per
year are not presented.

The lowest doses were calculated for marble,
travertine, and granite sample. The maximum value of
the total effective dose, 2.70 mSv per year, was ob-
tained for granite Balmoral Red, which is the only one
of the investigated materials that exceeds the dosime-
try limit of I mSv per year by about 10 % (compared to
the indoor background of 1.56 mSv per year). How-
ever, since it is the result corresponding to the covering
of all the walls, floor and ceiling, in common usage of
this and other materials (on the floor and walls) the
dose is lower by about 27 %.

CONCLUSIONS

The indoor effective doses due to the gamma ra-
diation of covering materials in Serbia, evaluated in
this work, are lower than most of the results for the ma-
terials of the same species, found in the literature. In
addition to the variations in the measured content of
radionuclides, these differences are caused by differ-
ent conversion factors used to calculate the absorbed
dose of gamma radiation. Specifically, EC values of
specific absorbed dose for 2>°Ra, 232Th, and “°K [16],
were computed for covering thickness of 3 cm and
density 0f2.6 g/cm?. In this paper, the dose was calcu-
lated for each sample by applying the conversion fac-
tors which are appropriate to the corresponding type of
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the material. Variation from published internal dose
data originate from differences in 2?°Ra activity con-
centration in the samples and the model of dose evalu-
ation.

Considering the covering of all the surfaces of
the standard room, all of the investigated materials ful-
fil the dosimetric criterion of 1 mSv per year, except
one sample of granite (Balmoral red). The average ef-
fective dose determined for ceramic tiles, granite tiles,
and granite are: 0.085, 0.15, and 0.61 (mSv per year),
respectively, while the irradiation by marble and trav-
ertine samples is minor, 7. e., less than 10 uSv per year.
For application restricted to the floor and walls, the
dose values are about 27 % lower than those shown in
the paper. Lowering of dose should be also taken into
account when materials take part only as a component
in covering material, for example, in the case of mor-
tar and glaze.
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Becna M. MAHWR, T'opan J. MAHWR, [Iparocnas P. HUKE3WH, [parana XK. KPCTUh

JO3E 01 PAAMOAKTUBHOCTU I’PABEBUHCKUX MATEPUJAJIA KOJA CE
KOPUCTE 3A INIOKPUBAIKBE 3IPAJJA Y CPBUIN

Jo3a 3pauerwa yHyTap NpOCTOpHja MOTHUYE YIIIABHOM Off KEpaMUUKHX U TPAHUTHHX IUIOYMIA,
MepMepa, FpaHuTa, Kao 1 HEKUX KOMIIOHEHTHU y MaTepHjanumMa 3a oo0jarame, npoussefeHuM y Cpouju uinmn
yBE3EHUM U3 IPYrUX 3eMasba. AKTUBHOCHE KOHIeHTpaiuje 22°Ra, >2Th, n *’K mepene cy cranapHOM rama
CIIEKTPOMETPHUjCKOM METOIOM moMohy repmanujymMckor noiaynpoBogaundkor HPGe gerekropa. Jaunna
arncopOoBaHe Jj03¢ y Ba3[lyXy yciey raMma 3pauera OBUX paJuoHyKiua onpehena je nomohy cnenuguyne
jaunHe 03e pauyHate 3a Kepamuky. Ha ocHOBY cajipskaja 2*Ra pauyHara je KoHueHTpanuja >2Rn yHyTap
npocropuje. [Iponemena je cpefmba rogulmha e(heKTUBHA 034 32 MOjeHe MaTepujae.

Kmwyune peuu: 003a, Zyciliuna aKitiu8HOCHIU, UPUPOOHU PAOUOHYKAUO, Mailiepujan 3a 0Oaazarbe



