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Abstract

The natural radioactivity of the Western Anatolian plutonic bodies (Turkey), as well
as the assessment of any potential health hazard due to their usage as decorative
building materials is studied. Seventy samples from Western Anatolian plutonic
bodies, including various rock-types from quartz-monzodiortie to syenogranite, have
been measured for their natural radioactivity using y-spectrometry. According to the
experimental results the natural radioactivity levels were ranged up to 229.62 Bq.kg
1 for 2%5Ra, up to 207.32 Bq.kg™* for 2°2Th and up to 2541.95 Bq.kg™ for “°K, with a
mean value of 57.67 (£38.13), 80.30 (£42.00) and 1071.92 (+405.24) Bq.kg*
respectively, which are below the international representative mean values for
granite stones. The increment on the external y-radiation effective dose rate appears
a mean value of 0.27 (£0.19) mSv.y, scattering below 1 mSv.yL. In case of the
internal o-radiation a mean value of 0.14 (+0.10) mSv.y’%, scattering below 0.5 mSv.y-
! was estimated. The majority of the samples increase the external and the internal
dose less than 30% of the maximum permitted limit of the effective dose rate.
Therefore, at least from radiological point of view, the plutonic rocks of Western
Anatolia could be safely used as decorative building materials.

Keywords: Building materials, External-Internal exposure, Radiation Index.

Iepiinyn

Eéetaleron n pvoixn padievépyeia acioloyodvrar o1 mbovoi kivovvor yio v vyeio Loy
NG XPHONGS OGS OOUKDY DAIKDV TV TAODTWVIKOV TETPWUATOV TS AvTikng Aviaoiiag
(Tovpkia). Efdounvra  deiyuoro. omd mlovtwviteg ¢  Avukng Avaroliog
OOUTEPIAGUBOVOUEVDV 10.POPWYV TETPOYPOPIKAY TOTWV, OO XOAALI0KO HOVL0dI10pIiTH
g  ovnvoypoavity, eleTdoTnKOV YA TO EMIMEOR THG QUOIKHG POOIEVEPYELOG,
APHOLUOTOLOVIOS P-QPOCOUATOOKOTIC. ZOUPMVO UE TO, OTOTEAECUATO, TO. ETITEOO,
PLOIKIG padievépyeiag kuuaivovior éwg ta 229,62 Bg.kg? yia 1o %6Ra, éwg 207,32
Ba.kg™? yia to 22Th xou éwg 2541,95 Bq.kg™ yio 1o K, ue uéoec tiuéc 57,67 (£38,13),
80,30 (£42,00) xou 1071,92 (£405,24) Bg.kg™ avziororya, tiuéc mov Bpickovior kdrw
OT0 TIG OVTITPOTWTEVTIKES OIEOVEIS OV aPopovy TAovTWVIKG TeTpwuata. H avénon
oy lwtepixi] 16050voun 06om y-axtivofolriog supaviCer wa péon tyuay 0,27 (£0,19)
mSv.yL, apxetd kérw amd to dpio tov 1 MSV.yL. Xy mepintwon e ecwtepirig 06ong
aré a-oxtivofolio, n uéon i v 0,14 (£0,10) mSv.y?, Bpioxetou emions apkerd
xounAdtepo amd to opio tov 0,5 mSv.yt. H mieiovémyra twv deryudtamv avlaver v
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elwtepikn Kol THY £0WTEPIKN OO0 0 TOGOOTO WiKpOoTepo T0v 30% TV UEYIGTOD
EMITPETOUEVOD OPIOV THG 160ODVOUNG OOONS. ZVVETWG, TOVAGYLOTOV OO POOIOAOYIKHG
omoYewS, 0. TAOLTWVIKG TeTpmpate s Avtikng Avatoiiag o umopovoov vo
xpnoiporoinfody e aopileia wg douIkd VAIKG.

Aéeig kAg1o1d: Aouixa vhika, Eéwteprn-Eowtepixn éxOeon, Aciktng Axtivofoliog.

1. Introduction

Plutonic rocks (gabbro to granite) are widely used as decorative building materials due to their
durability and appearance. These rocks, due to their mineralogical composition, are likely to contain
high concentrations of natural radionuclides. The purpose of setting controls on the radioactivity of
building materials is to limit the radiation exposure due to materials with enhanced or elevated levels
of natural radionuclides.

Several works present in the literature, are referred to radiation risks of granite used as decorative
building material (Papadopoulos et al., 2013 and references therein), while several authors have
studied the natural radioactivity of plutonic bodies of Turkey e.g. Orgiin et al. (2007). In the present
work, the natural radioactivity of the major Western Anatolian plutonic bodies in Turkey as well as
the assessment of any potential health hazard in case they were used as decorative building materials
are studied.

2. Materials and Methods
2.1. Geological Setting

The Cenozoic geology of western Anatolia (Turkey) is characterized by intensive magmatic activity
producing volcanic and plutonic rocks that can be used as decorative building materials (Fig. 1).
Nature, origin and tectonic setting of these magmatic rocks have been studied in detail previously
by various researchers (i.e. Yilmaz, 1989; Giileg, 1991; Altunkaynak and Yilmaz, 1998; Aldanmaz
et al., 2000; Okay and Satir, 2000, 2006; Kopriibast and Aldanmaz, 2004; Altunkaynak and Dilek,
2006, Altunkaynak, 2007; Dilek and Altunkaynak, 2007; Altunkaynak and Geng, 2008; Boztug et
al., 2009; Ersoy et al., 2009; Hasozbek et al., 2010; Altunkaynak et al., 2012a,b; Erkiil and Erkiil,
2012; Erkiil, 2010).

Figure 1 - Simplified geological map of western Anatolia showing the distribution of
Granitoids (Modified from Yilmaz et al., 2000; Okay and Satir, 2006 and Altunkaynak et al.,
2012a). IAS; Izmir-Ankara-Erzincan suture zone. E1 to 7: Eocene granitoids (E1: Karabiga,
E2: Kapidag, E3: Fistikli, E4: Orhaneli, E5:Yopuk, E6:Goyniikbelen, E7: Giirgenyayla), 1 to

15: Oligo-Miocene granitoids (1- Kestanbol 2-Evciler 3-Hidirlar-Katrandag 4-Eybek 5-
Yenice 6-Danisment, 7-Sarioluk, 8-Kozak 9-Uludag 10, llica-Samli 11-Davutlar, 12-Cataldag
13-Egrigoz 14-Koyunaoba 15-Camlik 16-Turgutlu 17-Salihli granitoids).
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Western Anatolia and adjacent regions (Greece and Bulgaria) are situated along the eastern
continuation of the Alpine collisional belt and are affected dominantly by convergent tectonics
preceding current extensional tectonics. The final demise of the northern branch of Neo-Tethyan
Ocean at a subduction zone dipping northwards beneath the Sakarya continent resulted in a
continent-continent collision between the Sakarya and Anatolide-Tauride continental fragments
during the Late Cretaceous-pre-Eocene. (Sengor and Yilmaz, 1981; Yilmaz, 1989; Giileg, 1991;
Harris et al., 1994). The Izmir-Ankara Suture Zone (IASZ) represents the collision zone between
the Anatolide-Tauride platform (ATP) in the south and the Sakarya continent (SC) in the north.

Following the closure of the Neo-Tethyan Ocean, two major magmatic episodes producing granitic
plutons occurred within the Cenozoic evolution of western Anatolia. The first episode of post-
collisional magmatism developed during the early-late Eocene, and produced mainly medium to high-
K calc-alkaline, I-type granitoid plutons and associated extrusive rocks (Harris et al., 1994; Koprubasi
and Aldanmaz, 2004; Altunkaynak, 2007; Altunkaynak et al., 2012a). The Eocene granitic plutons
occur within and north of the IASZ. Among these, Orhaneli, Topuk, Giirgenyayla plutons exposed
along the IASZ and are intruded into the Cretaceous blueschist rocks and overlying ophiolitic units.
They range in composition from quartz diorite, granodiorite to syenite. Kapidag, Fistikli (Armutlu),
Karabiga plutons, on the other hand, crop out along the southern margin of the Marmara Sea. These
plutons are intruded into the basement rocks of Sakarya continent north of the IASZ and are composed
of monzogranite, granodiorite and granite. The Eocene granitic and volcanic rocks are rare and
restricted to NW Anatolia. The following magmatic phase occurred during the late Oligocene and
middle Miocene and is known to have produced the widespread granitic plutons (i.e., Kozak, Evciler,
Cataldag, Kestanbol, Ilica, Eybek, Egrigoz, Camlik, Uludag) and volcanic rocks in western Anatolia
(Yilmaz, 1989; Altunkaynak et al., 2012b; Yilmaz, et al., 2001; Ozgenc and Ilbeyli, 2008; Akay 2009).
They are represented mostly by medium to high-K calc-alkaline to shoshonitic I-type granitic plutons
emplaced into the continental blocks on both side of the IASZ. The Kozak, Evciler, Ilica, Eybek,
Cataldag, granites are the representatives of the granites that were emplaced into the metamorphic
basement rocks of the Sakarya continent. The Camlik and Egrig6z plutons, on the other hand, were
emplaced into the Anatolide-Tauride Platform (i.e. the metamorphic rocks of the Menderes Massif).
Late Oligocene- Middle Miocene granitoid plutons and associated volcanic rocks are widespread in
the entire west Anatolia (Yilmaz, 1989; Altunkaynak and Dilek, 2006; Altunkaynak et al., 2012b;
Erkiil and Erkiil, 2012; Erkiil, 2010). Most of the late Oligocene-middle Miocene granites are
represented by caldera type, shallow level intrusions showing close relationships with their co-genetic
volcanic rocks in time and space (Yilmaz, 1989; Altunkaynak and Yilmaz, 1998, 1999; Geng, 1998;
Yilmaz et al., 2001).

2.2. Gamma-ray spectroscopy

The measurements of activity concentrations were undertaken in Low Level Radioactivity
Measurement Laboratory in the Istanbul Technical University Energy Institute by using copper lined
lead shielding (10cm) detector (GAMMA-X HPGe coaxial n-type germanium detector, 45.7%
efficiency and 1.84 keV full width at half maximum for 1.3 MeV of 60Co) with the integrated digital
gamma spectrometer (DSPEC jr. 2.0). Statistical confidence level and range were adjusted to 26 and
8K, respectively. In order to make the energy and efficiency calibration of the gamma spectroscopy
system that are necessary for activity determination, the certificated multiple gamma ray emitting
large volume source standard was used; including Am?24, Cs'37, Co®, Ph?l0, Cd!%®, Co¥, Ce!®, Hg?%?,
Snit3, Sré, Y8 radioisotopes in the sand matrix in Marinelli geometry as 500 mL volume, with a
density of 1.7g-cm™ and an activity of 1uCi. Samples and standard in Marinelli beakers were counted
at the top of the detector. Counting times were adjusted to 15 to 24 h. Peak areas were determined
by using GAMMA VISION-32 software program. After measurements, standards and samples were
corrected for decay time and mass.
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2.3. Major elements

The whole-rock powders were split from 1 to 5kg of crushed rocks. Chemical compositions of the
samples were determined by using Spectro Ciros Vision ICP-ES for major oxides is given in Table 1.

Table 1 - Major element content (% w.t.) of the samples (*Altunkaynak et al., 2012a, b).

SiOz Ti02 Ales FEZOa MnO I\/IgO CaO Nazo Kzo PzOs LOIl| Sum

AS209 65.17 0.47) 15.41] 4.45 0.08 1.96/ 4.08 3.23 3.68 0.19 0.90 99.62
AS211 67.09 0.40 1542 3.82 0.10] 1.54 3.90 3.45 3.11] 0.15 0.700 99.68
AS234 65.31] 0.47) 15.200 4.56) 0.09] 2.09 4.56 3.33 3.13 0.21] 0.700 99.65
AS236 64.26/0.49 | 15.94 4.42) 0.08 2.08 4.43 3.37/ 3.67] 0.19 0.700 99.63
AS238 63.000 0.50 16.60] 4.88 0.10] 1.95 4.82 3.59 2.94 0.22/ 1.100 99.70
AS239 62.42| 0.57| 15.84] 5.42 0.11] 2.68 5.0 3.42 2.91] 0.18 1.10 99.66
AS240 62.71 0.52 16.16] 4.78 0.10] 2.25 4.51] 3.38 3.18 0.16, 1.90 99.65
AS241 62.40 0.53 16.64] 5.07 0.10] 2.30] 5.39 3.44] 2.75 0.20, 0.80 99.62
AS245 62.75 0.56 16.21] 5.33 0.10] 2.64/ 5.13 3.37/ 2.89 0.16, 0.50 99.64
AS248 63.51] 0.50 16.08] 4.77) 0.09 2.21] 4.65 3.46/ 3.07] 0.17[1.200 99.71
CATI1 68.90 0.27] 15.06/ 3.100 0.07] 0.82 2.58 3.10/ 4.22/ 0.11] 2.05 100.28,
CAT2 7451 0.03 13.68 0.63 0.16 0.05 1.08 4.43 3.56 <0.01] 0.700 98.83
CAT3 68.020 0.38 14.75 3.17 0.07] 0.99 2.51] 3.46/ 4.04 0.14 1.01 98.53
CAT4 67.68 0.35 15.49 3.25 0.09 0.77] 3.36 4.08 2.94 0.17[ 0.700 98.87|
CATS 73.57] 0.04) 14.29) 0.66 0.03 0.22] 1.11] 3.45 4.0 0.08 1.89 99.40
CAT6 77.25 0.04) 13.58 0.45 0.020 0.11] 0.82 3.76/ 3.920 0.06/ 0.86 100.88,
0S388 73.34) 0.22| 15.100 1.71] 0.04 0.43 2.09 3.90| 3.17] 0.07 1.01) 101.08
0S409 72.64) 0.09] 1488 0.80, 0.01] 0.19 1.12 3.63 5.37] 0.09 1.10] 99.92
ULU3 71.39 0.26| 15.39) 1.72] 0.04 0.73 2.16| 4.26| 2.73] 0.12 0.90 99.70
ULU5 71.08| 0.27| 15.65 156/ 0.02] 0.52] 1.75 3.97| 3.63] 0.11 1.10] 99.66
ULUG 71.67| 0.26| 15.14 159 0.03 0.63 2.08 4.21 3.200 0.11 0.80 99.72
ULUS8 71.91] 0.23] 15300 1.37| 0.03 0.48 1.82 4.08 3.41] 0.10 1.000 99.73
ULU11 71.42| 0.25 15.13 152 0.03 0.63 2.01] 4.11] 3.28 0.11 1.30 99.79
ULU12 | 72.03 0.24] 15.25 1.44 0.03 0.50 1.36f 3.96/ 3.91] 0.13 0.90| 99.75
EYB10 58.26| 0.68| 17.53 6.90, 0.14] 3.05 6.96] 3.91 1.61] 0.17| 0.50 99.71
EYB14 60.41] 0.69 16.22 6.50, 0.13 3.00] 5.39] 3.75 2.17| 0.14 1.30 99.70
EYB15 63.10| 0.64] 16.02) 5.62| 0.11] 2.31] 5.33 3.63] 1.94 0.14 0.90 99.74
EYB24 61.18 0.52) 17.21] 5.19 0.11] 1.80| 4.48 4.80| 1.49 0.12] 2.80, 99.70
EYB30 58.13| 0.79 17.05 7.25 0.14] 3.41] 6.72] 3.65 1.66| 0.18 0.70] 99.68
EYB34 60.73] 0.66| 16.72 6.28 0.13 2.40| 5.33 3.76| 2.09] 0.15 1.40 99.65
EYB35 61.80 0.58 16.52 5.69 0.12] 2.22| 5.05 3.64] 2.400 0.14] 1.50 99.66
EYB38 61.19] 0.66| 16.52 6.14 0.12] 2.60] 5.67| 3.67| 2.01] 0.15 1.000 99.73
KOZ1 66.01] 0.42| 16.09 3.61] 0.06] 1.58 3.50 3.62| 3.40] 0.16 1.20 99.65
KOzZ2 63.04] 0.53] 16.08 4.32] 0.07] 2.29 4.38 3.47| 3.58 0.22 1.70 99.68
KOzZ4 64.60 0.51] 15.62] 4.02] 0.07] 2.27| 4.05 3.35 3.77] 0.20] 1.10 99.56
KOZz5 71.44 0.29 1447 2.14 0.05 0.64 2.16| 3.59 4.15 0.09 0.60 99.62
KOZ8 65.32| 0.51] 15.73 4.00, 0.07] 2.18 3.98 3.41] 3.84/ 0.21 0.40 99.65
KOZ9 64.19] 0.50| 16.18 4.14] 0.07] 2.21] 4.16| 3.53 3.900 0.22 0.50 99.60
KOZ10 | 65.63 0.49 15.37] 3.94 0.07] 2.14 3.83 3.27/ 3.85 0.21 0.80, 99.6Q
EVC1 61.99 0.57| 16.73] 5.78 0.10] 2.41] 4.95 3.36/ 2.83 0.16 0.80 99.68
EVC2 64.06) 0.49 15.94] 4.90 0.11] 1.95 447 3.37/ 287 0.13 1.50 99.79
EVC3 63.68 0.50 16.40] 5.04) 0.11] 1.94 4.71] 3.50 2.76. 0.12/ 1.000 99.76)
EVC5 65.38 0.44) 15.43] 4.28 0.10] 1.94 4.03 3.22 3.77] 0.17, 0.90 99.66
EVC6 64.42| 0.45 15.67| 4.50 0.10] 2.02 4.39 3.27| 3.45 0.18 1.20 99.65
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EVC8 66.69 0.41 15.120 1.69 0.06] 2.14 4.80 4.01 0.47 0.16/ 4.200 99.75
ORH1 63.47| 0.39 17.24 4.60  0.09 1.80 5.39 3.74 2.17 0.10 0.67] 99.66
ORH3 63.81] 0.38 17.44 4.29 0.09 1.66 5.16 4.01 1.9 0.12 0.71 99.64
ORH5 65.50| 0.32) 17.05 3.44 0.08 1.36 4.80 3.94 2.05 0.10 0.93 99.57|
ORH6 64.93] 0.37] 16.59 2.76/ 0.06] 0.77) 2.00 4.77/6.42 0.12 1.08 99.87|
KAP42 | 71.61] 0.23] 14.600 2.06) 0.07] 0.51] 2.57] 3.71 3.10 0.04 0.81 99.31
KAP43* | 71.54 0.19] 14.21] 1.99 0.08 0.51] 2.26) 3.39 3.3 0.06/ 1.78 99.40
KAP45 | 64.18 0.50| 16.83 4.78 0.10, 1.84] 5.12 3.54 2.15 0.10/ 0.48 99.64
KAP46 | 63.43 0.51] 16.19 4.76 0.09 2.25 4.83 3.43 3.1 0.16/ 0.80] 99.61
KAP47* | 63.30 0.61] 16.15 5.43 0.13 2.01] 511 3.14 2.120 0.11] 0.85 98.97
KAP52* | 69.17] 0.27] 16.02] 2.43 0.07] 0.53] 3.41 4.39 2.30 0.07| 0.62 99.27
CAM28* | 71.99 0.21] 14.35 1.86] 0.06] 0.59 1.77] 3.29 4.121 0.09 1.21] 99.56
CAM29* | 68.63 0.31] 1540 2.91] 0.04] 1.01 2.61 2.52 5.07] 0.17] 0.64 99.32
CAM30* | 65.20| 0.44 16.66] 4.00, 0.05/ 1.50 3.75 3.68 3.26| 0.25 0.80, 99.59
TOP9 64.55 0.38 16.59 4.34 0.14 1.40 5.26 3.77/.1.88 0.12 0.67 99.09
TOP11 66.49] 0.34 16.83 3.67] 0.11] 0.99 4.93 3.99 1.73 0.11 0.44 99.64
TOP12 67.37| 0.29 16.44 3.32 0.10] 1.05 4.37 3.38 2.71] 0.08 0.70 99.81
TPL1 61.16| 0.60 16.79 5.73 0.13 2.15 541 4.18 1.89 0.16 0.92 99.12
TPL13* | 70.20| 0.28 14.51] 2.60 0.08 0.92 2.73 4.27/ 3.50 0.05 0.61] 99.75
TPL14 54.94 0.76 17.37] 7.39 0.15 4.52 8.63 3.42 119 0.16 0.89 99.42
GURI18* | 64.00 0.48 16.000 4.89 0.12| 1.99 4.97 3.77 2.40, 0.10 1.13 99.84
GUR19 | 64.23 0.38 17.24/ 4.58 0.11] 1.56 514 3.72/ 1.96 0.12/ 0.70, 99.74
GUR20* | 64.100 0.42 16.38 4.47| 0.12| 1.70, 496 3.70 1.97 0.13 1.13 99.08
EGR23 | 66.72 0.53 15.62 4.03 0.09 1.35 3.51) 3.52 3.53 0.15 0.70 99.79
EGR24* | 69.73 0.36| 14.57| 2.68 0.06 0.82 2.29 4.06 3.97] 0.10/ 0.77] 99.41
EGR27* | 67.84] 0.45 15.18 3.17] 0.07] 1.03] 2.94 3.45 3.89 0.12] 1.06 99.19

2.4. Rock-types and mineralogical composition

As shown in Fig. 2, a variety of rock-types, from quartz monzodiorite to syenogranite has been
studied. These may contain hornblende, biotite and muscovite as major mineral phases. The
accessory minerals present are zircon, apatite, titanite, allanite and epidote.

Figure 2 - Q’ANOR diagram (Streckeisen and Le Maitre, 1979) showing the classification of
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3. Results
3.1. Radiation indices and dose estimations

For each pluton of the Western Anatolia studied, the average values of the specific activities of 2°Ra,
2%2Th and “°K (Bg'kg™), the external gamma index, the internal alpha index and the effective dose
rate (mSvy?) received indoors and outdoors due to the usage of the studied samples as decorative
building materials are given in Table 2.

Table 2 - ?°Ra, 2?Th and “°K (Bg.kg™?), Iy, la, Hext and Hint (MSv.y™?) values.

226Rg | 22Th | 4K 1, lo | Hext | Hin
AVERAGE 67.05 | 106.19 | 121022 | 1.16 | 0.34 | 0.33| 017
MIN I 3301 | 0.12]| 85458 040 0.17 | 0.6 0.09
MAX 1ca 100.58 | 185.66 | 199843 | 1.93 | 050 | 0.49| 026
N 10
AVERAGE 108.18 | 101.16 | 1344.76 | 1.31 | 054 | 053] 0.28
MIN calda 39.07 | 23.76 | 77227 | 051 ] 020 | 0.19| 0.10
MAX Cataldag 229.62 | 158.98 | 1894.11 | 2.19 | 1.15 | 1.13| 0.60
N 8
AVERAGE 74.86 | 77.80 | 107250 | 1.00 | 0.37 | 037 ] 0.19
MIN Uludas 57.37 | 63.90 | 914.15| 0.82 | 029 | 028| 015
MAX udag 92.96 | 99.30 | 123547 | 1.22 | 0.46 | 046 | 024
N 6
AVERAGE 35.48 | 5351 ] 680.78| 0.61] 0.18 | 0.47] 0.09
MIN Evbek bdl | 3540 | 46273 | 043 | 014 | 0.14 ;
MAX y 4293 | 7010 | 811.71| 0.76 | 021 | 021| o011
N 7
AVERAGE 50.95 | 106.26 | 1267.88 | 1.15 | 0.30 | 0.29| 0.16
MIN Kozak bdl | 87.12 | 1153.13 | 0.98 | 0.24 | 0.24 _
MAX 86.31 | 131.11 | 1498.80 | 1.44 | 043 | 042 | 022
N 6
AVERAGE 61.92 | 107.00 | 87426 | 1.03] 031 ] 030] 0.16
MIN Evciler bdl | 7052 | 14197 | 054 | 021 | 0.21 _
MAX 83.96 | 135.43 | 126158 | 1.38 | 042 | 041| 022
N 6
AVERAGE 40.87 | 74.26 ] 119270 091] 020 020] o0.11
MIN Orhanel 1526 | 2757 | 70481 | 0.42 | 0.08| 007 | 004
MAX 116,58 | 207.32 | 2541.95 | 227 | 058 | 057 | 0.30
N 4
AVERAGE 28.40 | 38.66 | 885.71| 058 0.14 | 0.4 007
MIN Kaoudas 11.76 | 14.13 | 372.76 | 0.23 | 0.06 | 0.06 | 0.03
MAX apicag 61.75 | 57.59 | 1385.18 | 0.96 | 0.31 | 0.30 | 0.16
N 6
AVERAGE 66.54 | 67.62 | 133840 | 1.01 | 033 | 033] 017
MIN Camiik bdl | 59.61 | 1011.72 | 0.86 | 0.33 | 0.33 ;
MAX mi 66.54 | 73.82 | 1597.66 | 1.12 | 0.33 | 0.33| 0.7
N 3
AVERAGE 37.48 | 56.62 | 83454 069 0.19] 0.18] 0.10
MIN Topuk 1846 | 36.16 | 64767 | 0.46 | 0.09 | 0.09| 005
MAX 56.51 | 71.35 | 956.47 | 0.86 | 0.28 | 0.28| 0.15
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226Ra | 22Th | %K [1, |1, |Hex [|Hm
N 3
AVERAGE 16.75 | 79.40 | 1180.81 | 0.85 | 0.08 | 0.08| 0.04
MIN Tepeldag b.dl. | 18.05| 414.65| 027 | 0.06 | 0.05| 0.03
MAX 2249 | 143.81 | 1768.80 | 1.38 | 0.11 | 0.11| 0.06
N 3
AVERAGE | Giirgenyayla 23.69 | 33.07 | 66247 | 047 ] 0.12]| 0.12 0.06
MIN 21.64 | 19.96 | 532.84 | 035] 0.11| 0.11]| 0.6
MAX 25.74 | 41.10 | 863.33 | 058 | 0.13 | 0.13| 0.07
N 3
AVERAGE 41.64 | 76.66 | 1346.05]0.97 | 0.21 | 0.20 | 0.11
MIN — 33.93 | 6655 | 1205.92 | 0.85 | 0.17 | 0.17 | 0.09
MAX grigoz 4915 | 95.08 | 148457 | 1.13 | 0.25 | 0.24 | 0.13
N 3

According to the experimental results, the natural radioactivity levels were ranged up to
229.62Bq.kg™ for 2%5Ra, up to 207.32Bqg.kg* for *2Th and up to 2541.95Bq.kg™* for °K, with a
mean value of 57.67 (£38.13), 80.30 (£42.00) and 1071.92 (+405.24)Bq.kg™ respectively.
Comparing the activities of °Ra and 2*Th of the samples analyzed with the average granite
concentrations (UNSCEAR 2000), it can be seen that the activities of the majority of the samples
studied are below the average values of 78 and 111Bq.kg™ in most cases (Table 2). Consequently,
the granites studied are be competitive to the commercial granites worldwide. A radiological study,
concerning radiation index and dose estimation is required in order to strengthen the above
conclusion.

Aiming to protect the public from excessive exposure to radioactivity, various radioactivity indices
have been proposed in order to assess the natural radioactivity of building materials. Radionuclides
in building materials are the sources of both external exposure due to gamma-rays emitted by 4°K,
226Ra and 2*2Th as well as internal exposure caused by alpha-particles deposited on the respiratory
tract tissues due to inhalation of radon indoors. Indoors environment is generally described by a
standard room model. Three typical room models have been adopted up to now, (a) a parallelepiped
room (4x5x2.8m) with wall density 2350kg.m and thickness 0.2m; (b) a spherical shell with radius
2.7m, peripheral thickness 0.223 m and density 1890 kg.m, and (c) a hole surrounded by an infinite
thickness medium (Krisiuk et al., 1971; Stranden, 1979; Koblinger, 1984). In the present study the
indices adopted by the European Commission (E.C., 1999) were applied considering a standard
parallelepiped room model with no doors and windows. Taking into account that the external
exposure due to the building materials has a limit of 1 mSv.y ! then the following formula of external
gamma index (1) is calculated as:

| - Cm _ Cn Ck 1)

” 300Bgqkg™ 200Bq.kg™ 3000Bg.kg ™
Materials having 1,<2 would increase the annual effective dose by 0.3mSv, while for 2<I,<6, the
gamma-ray index corresponds to an increase in effective dose by 1mSv-y*. Building materials used
superficially rather than in bulk amounts should be exempted from all restrictions concerning
radioactivity, if the excess of gamma radiation originating from them increases the annual effective
dose of a member of the public by 0.3mSv at the most. On the other hand, dose rates higher than
1mSv.y* are allowed only in exceptional cases, where materials are locally used. Finally, samples
with 1,>6 cannot be recommended for use in buildings (E.C., 1999). In case of internal alpha
radiation exposure the following formula has been applied, taking into consideration that a building
material with 2°Ra concentration lower than 200 Bqg.kg™ could not cause indoor radon concentration
higher than 200 Bg.m, which is the recommended action level of indoor radon exposure by EU and
ICRP for dwellings (E.C., 1990; ICRP, 1994; Righi and Bruzzi, 2006).
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The index factors estimated above, correspond to a standard room with massive granitic walls and
could be applied more to workers in a well-ventilated granite mine than inhabitants. For the
estimation of the actual dose received annually indoors, due to granite tiles usage, a more realistic
case has to be considered where granite tiles with ~2 cm in thickness cover only the floor of the
standard room (Anjos et al., 2005, 2011; Salas et al., 2006; Mao et al., 2006). In this case, the
absorbed gamma dose rate (D,, NGy.h?), denoted as the energy transfer rate by ionizing radiation
absorbed per unit mass of the tissue, due to granite floor could be calculated as:

D,(nGyh™)=0.172-C,, +0.217-C,, +0.015-C, ©))
where Cra, Cthand Ck are the activity concentrations (Bg.kg?) of 226Ra, 232Th and “°K in the samples.
Then, taking into account the indoor occupancy factor (T, 7000 h.y), which implies that 80% of
time is spent indoors, and the doses conversion factor (F, 0.7 Sv.Gy™), the increment of the effective
dose rate due to gamma radiation received indoors derives as follows:

H,, (MmSv.y™") =10°-(0.7-C,, - 7000) (4)
The effective dose rate due to radon exposure indoors is estimated as:

Hip(MSvy ™) =107 (f,,. - D, -B-F-Cy,) (®)

where Cg, is the radon concentration indoors (Bg.m®), F is the appropriate equilibrium factor
between radon and its daughters, fy.q is the conversion factor from equilibrium equivalent radon
concentration (F-Crn) to potential alpha energy concentration (5.56.10° J.m= per Bq.m3), D is the
conversion factor from potential alpha energy concentration to the effective dose (2 Sv/J), and B is
the annual breathing rate (7013 m3.y™%). For a well ventilated room the equilibrium factor F ranges
from 0.5 to 0.7, hence using equation (5) results in 1 Bg.m™ of radon which corresponds to an
effective dose rate 0.039 - 0.055 mSv.y! due to alpha radiation (ICRU, 1994; E.C., 1990).

The radon concentrations indoor due to radon exhalation from the granitic floor existing in the room
can be determined by the following formula:

5y _(A12):Cyy oz eped:S (6)

V(4 +4)
Considering the parallelepiped standard room with ventilation rate A,=1h" (that corresponds to an
equilibrium factor F=0.7) and the floor covered by granite tiles with 1.5cm in thickness (d),
2650kg.m density (p) and 8% emanation factor (¢) as representative values, the internal effective
dose rate is calculated as: (Bruzzi et al., 1992; Stoulos et al., 2003; Anjos et al., 2011):

Cra(Bam

H,, (mSv.y™") =0.0026-C,, )
The range, standard deviation, standard error, average and median values of 1,, I, Hextand Hin: for
each of the Western Anatolian plutons studied are given in Fig. 2.

4. Conclusions

The excess on the effective dose received annually indoors due to granite tiles usage is estimated
considering a standard room model where granite tiles with few cm in thickness cover only the floor of
the room. The increment on the external y-radiation effective dose rate appears a mean value of 0.27 (+
0.19) mSv.y%, scattering well below 1 mSv.yL. In case of the internal a-radiation a mean value of 0.14
(£ 0.10) mSv.y’, scattering below 0.5 mSv.y™* has been found. The majority of the granite samples
increase the external as well as the internal dose less than 30% of the maximum permitted limit of the
effective dose rate. Only one sample from Cataldag pluton seems to exceed the effective dose received
outdoors and indoors. Moreover, Cataldag pluton shows the highest average activities of radionuclides
and thus, values of radioactive indices. Therefore, at least from radiological point of view, the majority
of granitic rocks studied could be safely used as decorative building materials.
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Figure 2 — Iy, Ia, Hext and Hint values of the samples studied for each Western Anatolian
pluton. (The box corresponds to the standard error while the whisker to the standard
deviation). X: max and min values, black star: mean value, dashed lines: permitted limits.
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