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Abstract As higher radiation levels are associated with
granodiorite area and the maps are more practical to
interpret the results of radiological survey, the distributions
of the specific activities of 226Ra, 232Th, 40K in soil-granite
samples and indoor ***Rn activities throughout the grano-
diorite area of Bergama (Pergamon) were mapped in detail.
Samples from the granites and soils underlying Kozak-
Bergama (Pergamon) granodiorite area were collected and
analyzed by HPGe gamma spectrometry system, while
indoor radon levels in 20 dwellings of rural areas at this
area were measured by the alpha track etch integrated
method. This paper represents the baseline maps of natural
radioactivity levels (226Ra, 232Th, 40K and 222Rn) and
corresponding absorbed dose rates from outdoors terrestrial
gamma radiation.

Keywords Natural radionuclides - Radon - Granodiorit -
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Introduction

The external radiation exposure at the Earth’s surface arises
mainly from cosmic rays and from terrestrial radiation
originated mainly from primordial radionuclides. Gamma-
radiation from these naturally occurring radionuclides such
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as “°K, ***U and ***Th and their decay products, and from
radionuclide deposited on the ground is the principal
external source of irradiation of the human body. Terrestrial
background gamma-radiation and the associated external
exposure depend primarily on the local geological and
geographical conditions, especially the types of rock from
which the soils originate and appear at different levels of
radionuclides in the soils of each region in the world [1].
High background radiation areas (HBRAs) are the spe-
cial parts of the world that elevated natural background
radiations are present. The high radiation levels in HBRAs
arise from igneous rocks such as light-coloured volcanic
rocks, granites, dark shales have higher than average ura-
nium contents (1-3 ppm) [2, 3]. In comparison to the
basaltic or ultramafic composition (<1 ppm of U), the
igneous rocks of granitic composition are strongly enriched
in U and Th (on an average 5 ppm of U and 15 ppm of Th)
[4 and further references cited therein]. Although these
radionuclides are natural, it can increase human exposure
to gamma-ray radiation, when granite is used as an indoor
accent material, such as a kitchen countertop. Furthermore
radon gas (**?Rn) and its short-lived products released
from the materials can increase inhalation exposures. It has
been well established that exposures to relatively high
concentration of radon may lead to lung cancer in many
cases [5-7]. Presently, the natural radioactive radon gas has
been identified to be the second leading cause of lung
cancer after tobacco smoking [8, 9] and it is well known
that more than 50 % of the total radiation dose to the world
population from natural sources comes from the inhalation
of >*?Rn or rather from its short-lived decay products [3].
Due to increasing concern about environmental radio-
logical protection and the paucity of measurement data on
granodiorite area of Bergama, an extensive investigation
was started to determine the background radiation levels in
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this region. As the spatial maps can provide significant
information on pollution sources of radionuclides and the
relative contribution of different sources in the environ-
ment, the distributions of the specific activities of 226Ra,
232Th, *K in soil-granite samples and indoor **’Rn activ-
ities throughout the region were mapped in detail. This
paper represents the baseline maps of natural radioactivity
levels (226Ra, 232Th, 40K and 222Rn) and corresponding
absorbed dose rates from outdoors terrestrial gamma
radiation.

Materials and methods
Geology of Kozak granitoid pluton

Kozak Pluton—Bergama/lzmir which is located NW
Anatolia, has an elliptical shape and covers an area of
about 450 km? (Fig. 1). The Kozak pluton which repre-
sents a shallow level granitoid, intruded into low grade
metamorphic rocks of Karakaya complex of Sakarya Tec-
tonic Zone, consisting of Triassic aged metapelites and
metabasites [12 and references there in]. Kozak pluton is
surrounded by coeval dacitic—rhyolitic—andesitic—latitic
volcanics and their volcanoclastic successions intercalated
with lacustrine sedimentary rocks overlie the Kozak pluton.
The Kozak pluton contains mafic microgranular enclaves.
The enclaves are darker and fined grained. The mineralogy
of enclaves is identically same with host granitoid; but the
proportions of minerals are different [11]. The general
mineralogical composition of the Kozak pluton is quartz,
plagioclase, orthoclase, hornblende, clinopyroxene, titan-
ite, allanite, apatite, zircon and opaque minerals. Different
sized pegmatitic veins can randomly be recognized inner
plutonic body and commonly observed at the contact of
aplites or within the aplitic veins (Fig. 2). The general
mineralogical compositions of the pegmatitic veins are
consisting of K-feldspar, biotite, quartz, epidote, topaz,
and pyrite. Their minerals are euhedral and vary in size
between 2 and 3 cm. Geochemically the Kozak pluton is
continental arc metaluminous granitoid and present gran-
ite—granodiorite to monzogranite (adamellite) composi-
tions [11, 12]. Granitic part of the pluton which is mainly
observed around Camavlu, Yukaricuma, Terzihalliler,
Bagyiiz and Okgular locations, is made up of medium- to
coarse-grained (rich up to 10 mm) holocrystalline texture
and has higher percentage of pinkish orthoclase (K-fel-
dispar) crystals than granodioritic part of the pluton. The
grayish-whitish granodioritic southern side of the pluton is
mainly consisting of medium sized (between 3 and 4 mm)
and equigranular holocrystalline texture with higher per-
centage of plagioclase crystals. The K-Ar ages of Kozak
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Pluton using biotite and hornblende crystals range from
17.3 to 23.0 Ma [13, 14].

Sample treatments and gamma-spectrometric
measurements

While 37 granitoid samples were collected from the Kozak
granitoid pluton, the surface soil samples up to ~10 cm
depth were systematically taken (3 x 3 km grid pattern)
from 49 sites distributed all over the surveyed area (Fig. 1).
The location of each sample site was determined by global
positioning system, GPS Garmin Model 12XL. The granite
samples were first dried at room temperature, then oven
dried at 105 °C until they reached a constant weight. They
were crushed to a grain size of few micrometres and were
then filled in a 1,000 ml Marinelli beaker. Soil samples
were collected by using a spade at selected sites in forest
stands. Samples of the soil were dried to a constant weight
at 75 °C for 24 h in an electric oven and passed through a
2 mm sieve to eliminate impurity such as stones and roots.
Each dried sample was placed in a 1,000 ml Marinelli
beaker prior to analysis. The containers were sealed and
stored for at least 30 days to allow for secular equilibrium
between **°Ra and its decay products before gamma
spectroscopy measurements were made.

The activity concentration of 232Th, 226Ra and *°K in the
soil samples were measured with a high resolution HPGe
gamma-ray spectrometry system. The system was equipped
with a coaxial p-type HPGe detector (AMETEC-ORTEC
GEM40P4). The HPGe detector has a relative efficiency of
40 % with respect to a 3" x 3” cylindrical Nal(Tl) detec-
tor, an energy resolution of 1.85 keV at 1,332.5 keV of
Co and of 0.87 keV at 122 keV of 57Co, a peak-to-
Compton ratio of 64:1 and operating voltage 3,500 V. This
detector was operated at liquid nitrogen temperature to
reduce the leakage current and to increase the mobility of
the charge carriers. In order to shield from photons of
cosmic and terrestrial origin, the detector was covered with
a 10 cm thick cylindrical lead shield with low background
radiation, which is jacketed by a 9.5-mm low carbon steel
outer housing. The inner lining composed of 1.5-mm-thick
tin layer and 1.6-mm-thick soft copper layer to prevent
interference by lead X-rays. A spectroscopic amplifier
(ORTEC, Model 672), with an 16 K analog to digital
converter (ASPEC-927) processed the signal. The MAE-
STRO-32 multichannel analyzer emulation software was
utilised for peak searching, peak evaluation, energy cal-
culation, nuclide identification, data acquisition, storage,
display and on-line analysis of the spectra.

The energy calibration was obtained using standard
sources from SPECTECH: *°Co and '>?Eu for an energy
range between 120 and 1,400 keV and analysed in the
same conditions. The IAEA reference materials RGU-1
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Fig. 1 Location and map of the
Kozak Pluton (modified from
Akyiirek [10]; Akal and Helvaci
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(U-ore), RGTh-1 (Th-ore) and the potassium standard was
prepared from pure potassium chloride, with densities
similar to the samples, were employed for the absolute
efficiency calibration of the gamma spectrometry system.
The reference standard sources were prepared in Marinelli
beakers so as to have the same counting geometry as the
samples. For the reliability of counting efficiency, addi-
tional quality control checks were confirmed using IAEA-
375 reference material of known activities (424 Bq kg™ 'of
40K, 20 Bq kg~ " of **Ra and 20.5 Bq kg~ of ?**Th). The
activities of this sample were in accordance with its cer-
tified values within error margins not exceeding 5 %.

The sample containers were placed on detector endcap
for counting. The accumulating time of the sample spectra
was ranged between 10,000 and 20,000 s to obtain a
gamma spectrum with good statistics. To determine the
background distribution due to naturally occurring

radionuclides in the environment around the detector, an
empty Marinelli beaker with a volume of 1,000 ml with the
same geometry was taken. This background measured
during one weekend (200,000 s) was subtracted from the
samples measured in order to correct the net peak area of
gamma rays of the measured isotopes.

The activity concentration of **’Ra was derived from
the weighted average of the activities of the three gamma-
ray line of 609.3, 1,120.3, 1,764.5 keV from *'*Bi and of
one gamma-ray line of 351.9 keV from 2'*Pb, while the
gamma-ray lines of the 911.2 keV from **®Ac, the
727.3 keV from *'’Bi, 583.2 keV and 2,614.5 keV from
208T] were used to determine the activity concentration of
#32Th. Several peaks from **°Ra and ***Th daughters were
also monitored. The activity concentration of “°K was
obtained using its 1,461 keV gamma-ray line. The statis-
tical errors were considered only for the counting statistical
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Fig. 2 a, b Geomorphological arguments indicate that granitoid
boulders of all sizes observed at the Kozak Pluton are still in situ.
¢ Aplitic and small scaled pegmatitic veins in granite. d Physical and

uncertainty, which were found in the order of 1-3 % for
high activities and more than 10 % for the small activities
at the 95 % level of confidence. The minimum detectable
activity (MDA) based on Currie (1968) [15] for the
counting time of 20,000 s was 0.17 Bq kg~' for *'*Pb
(351 keV); 0.22, 0.59 Bq kg~ for °®T1 (583, 2,614 keV);
0.21, 0.47,0.59 Bq kg~" for >'*Bi (609, 1,120, 1,764 keV);
0.17 Bq kg~ " for *®Ac (911 keV) and 1.15 Bq kg™ for
40K (1,460 keV).

Measurement of indoor radon

In the present study, long-term average indoor radon con-
centrations at 20 dwellings representative of building
characteristics of the rural area were measured by using
Kodak Pathé LR 115-1I passive track detectors. A detailed
description of the indoor radon measurement and analysis
techniques used in these investigations, has been presented
elsewhere [16]. As shown in Fig. 1, 18 villages located all
over the Kozak/Bergama granite area, while two villages,
in the regular region, have been surveyed for indoor radon
measurements. Although the dwellings are formal offices,
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chemical weathering process-related rounded granite boulders (core-
stone) with curved shells in a matrix of weak, clayey and sandy
material near Yukaribey (Kozak) town

their building characteristics are as similar as possible; all
of them were built as one- or two- storeyed family houses
without a basement, and constructed with brick and cement
as observed with regard to most of the houses in the study
area to obtain meaningful data for indoor radon.

Sampling was performed for 1 year by the same personnel
during the period from 5 December 2009 to 3 December 2010
with seven sets. The radon-measuring devices were installed
inside the dwellings at a height of ~1.5 m from the ground
with their sensitive surfaces facing the air for an exposure
period of ~30-60 days. At the end of the exposure period,
the radon dosimeter with LR-115 detectors were replaced
with new ones and the retrieved detectors were processed
under the usual laboratory conditions. The chemical etching
of the LR-115 detectors was done in 10 % NaOH solution at
60 °C for 95 min in a constant temperature etching unit with
an accuracy of 1 °C. Following the etching, detectors were
then washed with distilled water and dried. Counting of the
alpha tracks was done using a binocular research microscope
at a magnification of 10 x 10. Background track density for
the unexposed detector was separately evaluated and sub-
tracted from the observed values.
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Table 1 Summary statistics for the activity concentration of *°K, **°Ra and ***Th, total absorbed dose rate (D), annual effective dose equivalent
(AEDE), radium equivalent activity (Ra.q), the external hazard index (H.y) and gamma index (/,) for granite and soil samples of Bergama—Kozak

Activity concentration (Bq kg™") D (nGy h™') AEDE (pSvy ') Ra, (Bqkg ") He I,
oK *2°Ra *2Th Total Total
Granite
Median 1,037 63 85 123 151 264 0.75 0.99
Mean + SE 1,059 £ 19 63+3 85+ 2 125 153 267 0.75 0.99
SD 114 16 15 16 19 35 0.10 0.13
GM 1,053 61 84 124 152 265 0.75 0.98
CV (%) 10.76 25.82 17.17 13 13 13 13 13
GCV (%) 10.81 26.74 17.49 13 13 13 13 13
Range 871-1,477 36-116 61-149 96-172 118-211 203-371 0.58-1.05 0.76-1.39
Skewness 1.450 1.441 2.344 1.060 1.060 1.082 1.098 1.137
Kurtosis 3.876 3.516 9.016 2.057 2.057 2.119 2.230 2.453
Frequency distribution Log-norm Log-norm Log-norm
UNSCEAR (1993)* [1]  1,200-1,800 100-500  40-350 120-517 150-630 250-1,139 0.7-3.1
500 50 50
Soil
Median 1,009 54 96 122 150 263 0.74 0.97
Mean + SE 1,005 £23 58 +2 9 £+ 5 128 157 277 0.78 1.02
SD 160 15 32 28 34 63 0.17 0.22
GM 992 56 94 126 154 270 0.76 1.00
CV (%) 15.95 25.18 32.51 21.77 22 23 22 22
GCV(%) 16.16 26.13 34.15 22.24 22 23 23 22
Range 522-1,368 37-104 31-249 61-244 74-300 128-545 0.36-1.51 0.48-1.96
Skewness —0.047 1.176 2.247 1.519 1.519 1.653 1.582 1.540
Kurtosis 0.934 1.193 9.566 5.557 5.557 6.189 5.910 5.80
Frequency distribution Normal Log-norm Log-norm
UNSCEAR (2000)* [3]  140-850 17-60 11-64 10-200 70 <370 <1.0 <1.0
400 35 30 60

Median, mean (arithmetic mean), standard error of arithmetic mean (SE), standard deviation (SD), geometric mean (GM), coefficient of variation

(CV), geometric coefficient of variation (GCV), range, expressed in Bq kg

radionuclide activities and the radiation hazard parameters

? Typical range and mean of worldwide

Results and discussion

The activity concentration of natural radionuclides
in granodiorits and soil

For a more general and representative overview, summary
statistics for the activity concentration of 40K 226Ra, 232Th
in granite and soil samples collected from Pergamon—Ko-
zak granodiorite area are given in Table 1. Activity con-
centrations of *°K in granites varied between 871 + 8 and
1,477 £ 11 Bqkg~' with a geometric mean of
1,053 Bq kg™ !, while the ranges of ***Ra and ***Th con-
centrations were 36 £ 3-116 + 3 with a geometric mean
of 61 Bq kg™ ' and 61 & 4-149 + 6 Bq kg~' with a geo-
metric mean of 84 Bq kg™', respectively (Table 1). The

~1 and skewness, kurtosis of the frequency distributions of natural

results presented in this paper are in general agreement
with the first measurements of activity concentrations of
naturally occurring radionuclides in 11 granitoid samples
from characteristic geological rock types of Pergamon-—
Kozak granodiorite area reported by Karadeniz et al.
(2011) [17]. These values are hardly distinct from the
typical range of similar published studies [17 and further
references cited therein; 18], and the worldwide concen-
trations reported by UNSCEAR [1].

Values of *“°K activity concentration in soils varied from
52247 to 1,368+ 12Bqkg ' with a mean of
1,005 Bq kg ™', while the ranges of **°Ra and ***Th con-
centrations were 37 £ 3-104 + 4 with a geometric mean
of 56 Bq kg~ ' and 31 & 4-249 + 8 Bq kg~ ' with a geo-
metric mean of 94 Bq kg™ ', respectively. It is important to
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note that the estimations on all mean concentrations of
226Ra, 232Th and *°K in soil in areas of normal radioactivity
given in the recent UNSCEAR 2000 report [3] are 35, 30
and 400 Bq kg™', respectively, and typical ranges are
17-60 Bq kg~' for *°Ra, 11-64 Bq kg~ for ***Th and
140-850 Bq kg~' for *°K. In the light of the above
knowledge, only for **°Ra the values obtained fall within
the typical range of worldwide average values.

The frequency distributions of the *°K, ***Ra and ***Th
activities granite and soil samples were studied. The
measured histograms were compared with the normal and
log-normal distribution functions using Kolmogorov—
Smirnov test values for the goodness-of-fit [19]. Accord-
ingly, the values of the coefficients of skewness and kur-
tosis, and the type of the frequency distributions were also
summarised in Table 1. Application of the Kolmogorov—
Smirnov test and the approximate null value of the skew-
ness coefficient obtained for “°K activities of soils show
that this distribution is practically symmetrical, while the
positive values obtained in the statistics of other natural
radionuclide activities in granite and soil samples indicate
that the distribution is asymmetric. Because the results fit
to a log-normal distribution fairly well, it is convenient to
use the geometric mean values as a mean rather than
arithmetic mean [20].

An analysis of the correlation between the specific
activities of 40K, 226Ra and **? Th in the granitoid and soil
samples is shown in Fig. 3. In soils, the best-fitting relation
between ***Th and *°K versus **°Ra was of linear and
positive type, with a correlation coefficient 0.543 and
0.235, respectively. There was a good correlation
(R* = 0.717) between the activity concentrations of ***Th
and “K in the granitoid samples. Other investigated rela-
tions also represent the positive trend but are rather weak,
as agreed with previous studies [21, 22].

The specific levels of terrestrial environmental radiation
are related to the geological composition of each litho-
logically separated area, and to the content in thorium (Th),
uranium (U) and potassium (K) of the rock from which the
soils originate in each area [23]. The analysis of the NORM
relative abundance (Th/U, K/U and K/Th ratios) may also
give information on the relative enrichment/depletion
processes as a result of the complex metamorphic history,
alteration and/or weathering, which affected the investi-
gated rocks. In addition, these patterns can delineate areas
of potential mineralization, which are not restricted to U
and Th minerals [24-26].

As mentioned reasons above, it is preferable that the
results are expressed in terms of equivalent uranium,
equivalent thorium concentrations and percent (%) K. By
gamma spectrometric analyses of *°K, 2"Bi and 2°*TI,
assuming radioactive equilibrium, the surface abundance of
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K, U, and Th can be determined, expressed as percent (%)
K, ppm equivalent uranium (eU) and ppm equivalent tho-
rium (eTh) respectively [27]. To convert K (%) in 0K
activity concentration, ppm equivalent uranium (eU) in
238U activity concentration and ppm equivalent thorium
(eTh) in 232Th activity concentration, the conversion fac-
tors are, respectively, 309.3 (Bq kg_l)/(%) for K, 12.3
(Bq kg_l)/(mg g~ ") for U and 4.1 (Bq kg_l)/(mg g_l) for
Th, as well as their decay products under secular equilib-
rium conditions of these natural series [18]. Accordingly,
elemental concentrations are converted in units of I pg g~
(equivalent to ppm) for thorium and uranium, and as a
percentage (%) for potassium.

In the area under investigation, the mean eTh (ppm), eU
(ppm) and K (%) concentrations in the granitic rocks were
21, 5 ppm and 3 (%), respectively. It is well known that
igneous rocks of granitic composition are strongly enriched
in Th and U (on an average 15 ppm of Th and 5 ppm of U),
compared to rocks of basaltic or ultramafic composition
(<1 ppm of U). The eTh/eU concentration ratios of the
granitoid samples varied from 2.10 to 9.92 with a mean
value of 4.29, while the mean eTh (ppm)/K (%) concen-
tration ratio was 6.07. These mean concentration ratios
indicate acid igneous rocks according to Clark [28]. It may
be useful to remember that the theoretically expected
eTh/eU ratio for normal continental crust is about 3.0 and
the eTh/eU ratios close to 3.5 (Clark’s value) in the gran-
itoid samples denotes a slight enrichment of uranium [23].
On the other hand, the eTh (ppm)/K (%) ratio is presented
to be 4.5 in acid igneous rocks by Clark (1966) [28].

The eTh/eU ratios in the soils varied from 2.08 to 7.37
with a mean value of 5.12 in the surveyed soil samples.
Accordingly, Th/U ratio for the soil samples overlying the
acidic igneous rocks indicated that a relationship exists
between the parent materials and the soils. The current
study showed that the eTh (ppm)/K (%) ratio of the soils in
the Pergamon—Kozak granodiorite area appeared in the
range of 3.81-16.89 with a mean value of 7.46. These
results point out that there is an enrichment of the thorium
in the studied area and the thorium is the dominant source
of the gamma radiation as mentioned in similar published
study [20].

The radiation hazard parameters

The dose rates at 1 m above the ground level resulting from
the gamma emitting radionuclides in the “°K, *?°Ra and
232Th for uniform distribution in soil profile were calcu-
lated from concentrations of these radionuclides using the
following equation [3];

D(nGy h™") = 0.0417 Ck + 0.462 Cr, + 0.604 Cr, (1)
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Fig. 3 Scatter plot of granitoid **Ra versus granitoid >*Th (a); granitoid *Ra versus granitoid “°K (b); granitoid >**Th versus granitoid “°K
(¢); soil 225Ra versus soil 2*>Th (d); soil 225Ra versus soil *°K (e); soil 232Th versus soil *°K with linear regression lines

where D is the dose rate in air outdoors, Ck, Cr, and Cry
the activity concentrations of “°K, **°Ra and ***Th in the
soil sample, respectively. During calculation, secular
equilibrium was assumed to exist between radionuclides
and their progeny within each series.

As seen in Table 1, the outdoor absorbed dose rate in air
outdoors just from the terrestrial radionuclides in soils
ranged between 61 and 244 nGy h™' with a mean of
128 nGy h™" and found to be within the typical range of
worldwide average values (10-200) [3]. Concerning the
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Table 2 Summary statistics for the “*?Rn activity concentration
(Bq m™>) data on dwellings of Bergama—Kozak during the monitor-
ing period from 5 December 2009 to 3 December 2010

222Rn activity concentration (Bq m™>)

Median 77
Arithmetic mean + SE 101 £ 16
SD 72
Geometric mean 83

CV (%) 71
GCV(%) 86

Range 31-285
Skewness 1,812
Kurtosis 3,448

Frequency distribution Log-normal

Median, arithmetic mean, standard error of arithmetic mean (SE),
standard deviation (SD), geometric mean (GM), coefficient of vari-
ation (CV), geometric coefficient of variation (GCV), range, expres-
sed in Bq m~> and skewness, kurtosis of the frequency distributions
of indoor **’Rn activity concentrations

granites, absorbed dose rate in air outdoors ranged between
96 and 172 nGy h™' with a mean of 125 nGy h™'. These
values are within the range for the granite rocks specified
by UNSCEAR 1993 report [1].

In the UNSCEAR 2000 Report [3], a coefficient of
0.7 Sv Gy~ ! was used to convert absorbed dose in air to
effective dose equivalent for environmental exposures to
gamma rays of moderate energy. Taking the outdoor
occupancy factor to be 0.2, the annual effective dose
equivalent from outdoors in units of pSv is calculated by
the following formula:

Effective dose rate (uSv a’l) = Dose rate (nGy h’l)
x 8760(h a”"') x 0.2(occupancy factor)

x 0.7Sv Gy~ ! (conversion coefficient) x 107> (2)

In this regard, the annual effective dose from external
exposure to terrestrial radionuclides in the surveyed
granodiorite area ranging from 74 to 300 pSv y~' with a
mean value of 157 uSv y~' for soils, while ranging from
118 to 211 pSv y~ ' with a mean value of 153 pSv y~' for
granites.

The gamma-ray radiation hazards due to the specified
radionuclides were assessed by currently used indices as
radium-equivalent activity (Ra.q) and external radiation
hazard (Hex). The Ra.q of a sample is given by [29, 30]

Raeq =0.077 CK + CRa +1.43 CTh (3)
where Ck, Cr, and Cty, and are the average activity con-
centrations of 4OK, 226Ra and 232Th, in Bq kgfl, respec-

tively. Estimated Ra., values for the collected samples
varied from 128 to 545 Bq kg~ ' (Table 1) and some values
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are higher than the recommended maximum value of
370 Bq kg~' [29, 31].

To limit the annual external gamma-ray dose
(UNSCEAR, 1982) [32] to 1.5 mGy for the samples under
investigation, the external hazard index (H.) is given by
the following equation:

Hex = Cx /4810 + Cga /370 + Cry /259 < 1, (4)

The results of H., based on the criterion formula
[Eq.(4)] range from 0.36 to 1.51 (Table 1).

The gamma index (I,) proposed by the European
Commission (1999) [33] is defined in order to assess
gamma-ray radiation originating from building materials.
For a typical material it is given by the following
expression:

_Cra Cm Gk (5)
777300 200 3000

where, Cr,, Cti, and Cx are the specific activities of 22%Ra,
*Th and “°K, respectively. The values 300, 200 and
3,000 Bq kg~ were calculated for a dose criteria limit of
1 mSv yfl. Based on the these criterion, Table 1 indicates
that 7, is ranged from 0.76 to 1.39 and I, values are less
than unity in granite samples except for six samples.
Therefore, most of the granite samples are safe and can be
used as a construction material without posing any signif-
icant radiological threat to the population.

Indoor radon concentrations

The values of indoor radon concentrations calculated for
the Kozak-Bergama (Pergamon) granodiorite area are
ranged from 11 + 1 to 2,549 + 38 Bq m ™ during the
monitoring period from from 5 December 2009 to 3
December 2010. There was a large variation in the values
of radon concentration between the dwellings in different
villages of Kozak. It is well known that the radon con-
centration in the indoor air depend strongly on geological
and geophysical conditions, it may vary with building
ageing, height above the ground, ventilation pattern,
architectural style of building (materials of construction
and soil concentration), heating systems, the meteorologi-
cal conditions such as temperature, barometric pressure,
wind speed, rainfall and even variation of the living habits
of the occupants [34-38]. The minimum value of the
average radon concentration (31 Bq m ™) has been recor-
ded in the Ayvatlar village, whereas the maximum value
(1,003 Bq m™>) has been found in the Terzihaliler village.
Only two of the dwellings was having a concentration of
radon more than the action level (200 Bq m~>) as recom-
mended by the International Commission on Radiation
Protection [39] and one of the dwellings was having a
concentration of radon more than the activity level of
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Fig. 4 Interpolated radiological maps of a ***Ra, b 2**Th, ¢ *°K activity concentrations and d outdoor gamma dose rates, determined from 37

granitoid samples in the Kozak/Bergama granite area

400 Bq m given by the Turkish Atomic Energy Com-
mission. Results obtained in the current survey have been
compared with the data published at the national and
international levels. After excluding the values of Terzi-
haliler village, the geometric mean was found to be
83 Bq m_3, while the arithmetic mean was 101 Bq m~3
(Table 2). The average radon concentration value
(83 Bq m ™) is higher than those reported for some other
HBRAS of the world [40, 41] and the world mean value of
40 Bq m ™~ [3]. These high radon levels may be due to the
high radium contents in the soil of the local area and the
poor ventilation of houses. On the other hand, the average
indoor radon concentration value obtained from this study
is lower than the values reported for some other granitic
areas of the world [42] and some other provinces of Turkey
[43]. Distribution of indoor radon levels follows a log-
normal distribution as confirmed by the applied

Kolmogorov—Smirnov normality test (p > 0.05). The val-
ues of the geometric mean and the median from Table 2
are appropriate for characterising this type of distribution
also.

The exposures and consequent doses from radon are
estimated from the measured indoor radon concentrations.
Accordingly, the average annual effective dose was
calculated using the dose conversion factor of 9 nSv
(Bqh m™®)~! with an indoor occupancy factor of 0.8,
assuming the equilibrium factor value of 0.4 based on the
recent UNSCEAR (2000) report [3]. The distribution of the
measured values predicted that the time-integrated **’Rn
concentrations range from 11 + 1 to 2,549 4 38 Bq m 3.
This corresponds to an annual effective dose equivalent
ranging from 0.27 to 64.31 mSv.

The ICRP has given general recommendations con-
cerning the problem of indoor radon and recommended that

@ Springer
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Fig. 5 Interpolated radiological maps of a ***Ra, b ***Th, ¢ *°K activity concentrations and d outdoor gamma dose rates, determined from 49

soil samples in the Kozak/Bergama granite area

remedial action against radon is always justified above a
continued effective dose of 10 mSv, while an action level
within the range 3-10 mSv y ' has been proposed [39].
The highest average annual effective dose from the inha-
lation of radon was found for the Terzihaliler village: from
5.96 to 64.31 mSv. Thus, for all the villages of the study
area, the annual effective dose received by the residents
lies in the range of the action level. The average of dose
values in the area is 2.54 mSv y ', and is higher than the
world average of 1.15 mSv y~' [3]. The value of Terzi-
haliler was not taken into account, as it is expected to be
non-representative.

The radiological maps

The use of gamma ray spectrometry for quantitative map-
ping of surface radioelement distribution was established

@ Springer

during the late 1960s. The naturally occurring radioele-
ments are of considerable geochemical significance,
because of their almost ubiquitous distribution and sensi-
tivity as indicators of geological processes. Spatial radio-
element patterns can be used to differentiate lithologies and
indicate zones of alteration. Interpreted in conjunction with
other data these patterns can delineate areas of potential
mineralization, which are not restricted to U and Th min-
erals [27]. Consequently, radiological mapping data for the
region are pointed out that, the distributions of the ***Th,
226Ra and *°K activities and gamma dose rate as well show
a discrepancy generally owing to differences in basic
geology.

The distributions of the natural radioactivity as well as
the corresponding absorbed dose rates from outdoors ter-
restrial gamma radiation throughout the region are mapped
in detail as illustrated in Figs. 4, 5, 6. The results of host
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rock granitoid suggest that the granitic parts of the pluton
have the highest anomalies of 232Th, 226Ra and *°K. Rest of
the Kozak pluton which corresponds to granodioritic parts
of the pluton has low concentration values. The **°Ra and
32T activities of soil samples almost present same values
but related with tick of soil layer the values getting higher
in the area which are related with concentration of heavy
minerals such as sphene and zircon crystals. The maximum
40K activities are same but as seen Figs. 4, 5, the average
value of soil samples is higher than host rock granitoid,
these widespread high anomalies are related with the pre-
sence of thick soil layer which have got richer by biotite
and amphibole crystals.

Conclusion

Due to an increased use of natural stone products as
decorative building materials and the paucity of mea-
surement data on granodiorite area of Bergama, an
extensive investigation was started to determine the
background radiation levels in granite samples of wide
use locally and soil samples at the granodiorite area of
Bergama (Pergamon). Keeping in view the health haz-
ardous effects of radon, the indoor radon measurements
were also made by a time-integrated method using
SSNTDs at 20 dwellings in the villages of Kozak-Ber-
gama. This paper represents the detailed maps of natural
radioactivity levels (226Ra, 232Th, 40K and 222Rn) and
corresponding radiological parameters.

In the present study, *°K, *°Ra and **’Th activity
concentrations in granites are hardly distinct from the
worldwide concentrations for “°K, ??°Ra and 2*Th,
reported by UNSCEAR 1993 as 1,200-1,800, 100-500 and
40-350 Bq kg ™', respectively. The radiological parameters
such as radium equivalent activity (Ra.q), external hazard
index (Hex) and gamma index (I,) for granites are accept-
able for safe use as construction materials according to the
dose criteria limits proposed by OECD and European
Commission. The observed mean concentration of *°Ra in
the soil samples fall within the typical range of worldwide
average values, while the mean 232Th and “°K activities of
soil samples were higher than the universal typical ranges.
The corresponding dose rates and the average effective
dose equivalent were less than their respective limiting
values. Consequently, surveyed area has no significant
hazard from health point of view.

The average radon concentration level (83 Bq m™>) in
the studied area was higher than the world mean value of
40 Bq m . If the recommendations made by the ICRP
(200 Bq m~) and the Turkish Atomic Energy Commis-
sion (400 Bq m_3) are followed, then all of the dwellings
surveyed were generally within the safe limits. In all the
villages of the study area, except one, the annual effective
dose received by the residents lies in the range of the action
level given by ICRP, while the average of the dose values
(2.54 mSv y ') in the area is higher than the world average
of 1.15 mSv y "

As the spatial maps are more practical to interpret the
results of radiological survey, the distributions of the
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specific activities of 225Ra, ?Th, “K in soil-granite
samples throughout the region were mapped in detail. The
results of host rock granitoid suggest that the granitic parts
of the pluton have the highest anomalies of ***Th, **°Ra
and “°K. The **°Ra and ***Th activities of soil samples
almost present same values but related with tick of soil
layer the values getting higher in the area which are related
with concentration of heavy minerals such as sphene and
zircon crystals. Widespread high *°K anomalies of soil
samples are related with the presence of thick soil layer
which have got richer by biotite and amphibole crystals.
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