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Abstract This study makes a first attempt at a detailed
estimation of the background radioactivity level and its
distribution at the Sinop nuclear power plant site. The
activity concentration levels of 226Ra, 232Th, 40K and
137Cs radionuclides in soil samples collected from 88
locations around Sinop Province, Turkey, in November
2016, were measured using gamma spectrometry. The
distributions of radionuclide levels obtained from the
results were evaluated using a geostatistical method, and
the estimated radiation levels were determined using the
ordinary kriging (OK) method, which is the best linear
unbiased estimator (BLUE) for unmeasured points. Es-
timates of distribution results were evaluated using
cross-validation diagrams, and it was shown that the
OK method could predict radiological distributions for
appropriate criteria. Finally, using the kriging parame-
ters, distributions of radiation levels for the entire work
area were mapped at a spatial resolution of 100 %
100 m”. These maps show that the natural radionuclides
(***Ra, ***Th and *°K) are distributed at higher levels to
the southeast of Sinop than in the other regions, and the
activity of an artificial radionuclide (**’Cs) is high in the
interior and northern sections.
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Introduction

In the increasingly developing world, power plays a fun-
damental role in the process of economic growth and
development. All countries in the world aim to achieve a
cost-effective, reliable and safe electricity source to sustain
modem ways of living (Brahmanandhan et al. 2007). In
developing countries such as Turkey, the demand for
electricity is constantly increasing, and to sustain the econ-
omy, long-term planning is needed. The Turkish Atomic
Energy Commission (TAEC) is planning to install a nu-
clear power plant (NPP) (four ATMEA1 reactors, each of
1120 MWe) within the Sinop Province (inceburun) in
northern Turkey (Fig. 1).

The human being is intertwined with radiation in its
environment and is exposed to natural radioactivity
continuously. It is present in our environment due to
the cosmogenic and primordial radionuclides present in
the Earth’s crust. External exposure of living organisms
to natural and artificial radioactivity due to the region
where they live differs according to the geological and
geographic conditions of the investigated region and
occurs at different levels in the soil of different regions
around the world (UNSCEAR 2000).

The main reason for the presence of artificial radio-
nuclides in the environment is due to nuclear anthropo-
genic activities including weapons, industry, medical
and energy. Soil is the main terrestrial ecosystem that
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Fig. 1 The study area and sampling stations

detains and holds natural and anthropogenic (artificial)
pollutants in its structure (Luksiené et al. 2012). Radio-
active substances occurring after a nuclear accident may
spread across the continents and across the world, caus-
ing great damage to the environment and long-term
permanent effects (Leeldssy et al. 2011). At the same
time, with the increasing use of NPPs around the world
due to increased energy demand, there is often the
possibility of exposure to radioactive contamination in
neighbouring countries (Micieta and Murin 2007).
Determining the distribution of naturally or artificially
radioactive nuclides that are present in the environment is
necessary for assessing the effects of radiation exposure for
public health (Kam et al. 2010). Monitoring of radioactiv-
ity in soil is very important to determine any changes in
activity with time as a result of radioactive release (Kurnaz
et al. 2011). Transfer of radionuclides present in the soil
into the air and the food chain causes intake of systemic
doses in the living organisms and human population
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(Kayakokii and Dogru 2017). Soil is one of the major
sources of radiation exposure to a population via the
transfer of radionuclides into the environment (Durusoy
and Yildirim 2017). In this way, soil contributes signifi-
cantly to the internal and external exposures to environ-
mental radioactivity by gamma rays that increase the risk
to human health (Elsaman et al. 2018). For this reason,
measurements of natural and artificial radioactivity in soil
samples are continuously carried out by many researchers
in Turkey and many other countries (Kam et al. 2010;
Kumaz et al. 2011; LukSiené et al. 2012; El Samad et al.
2013; Karadeniz et al. 2015; Yesilkanat et al. 2015;
Durusoy and Yildirim 2017; Kayakokii and Dogru 2017).

Before and after the construction of a NPP, it is critical
to monitor the environmental radiation in the soil sam-
ples around the NPP and to assess the dose rates to which
people receive. Such monitoring is very useful in
assessing the possible radiological risks to public health
in the area where the power plant is installed before a
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power plant is installed, and for the guarantee of normal-
ity during commercial operation (Tsai et al. 2008).

The present work aims to estimate the activity concen-
tration of the radionuclides 2*°Ra, 2*Th and *°K and the
man-made radionuclide *’Cs in soil samples collected
from the terrestrial area of the Sinop Province for which
the NPP is planned, and to evaluate the radiological indices
and their effects on the population within this environment.
Consequently, the results of the radioactivity concentration
obtained in this study will provide background information
for the current radioecological condition in Sinop before
any new NPP is established and started to operate.

Materials and methods
Study area and sampling

Sinop is a peninsula located in the Boztepe Peninsula,
which extends towards the north of the Black Sea coast-
line. It is located in the central Black Sea region (41° 36
33" N, 34° 54’ 07" E). The surface area is 5862 km?,
equivalent to 0.8% of Turkey’s surface area. The total
length of its borders is 475 km, 300 km of these borders
are land borders and 175 km coastal borders. It is
surrounded by Kastamonu in the west, Corum in the
south, Samsun in the southeast and Karadeniz in the north.

In November 2016, a total of 88 surface soil samples
from nine major sites were collected at a depth of 0—10 cm
randomly from the city centre and from around the pro-
posed NPP site (Fig. 1). The nine sites were Sinop city
centre (10 samples), Ayancik (18 samples), Boyabat (14
samples), Dikmen (seven samples), Durgan (nine sam-
ples), Erfelek (nine samples), Gerze (eight samples),
Saraydiizii (six samples) and Tiirkeli (seven samples). All
of the samples were collected following standard proce-
dures as per IAEA guidelines (Holm and Ballestra 1989).

Radioactivity measurements

The soil samples were dried in a temperature-controlled
oven at 85 ° C for 24 h to remove the moisture and water
contained therein. The dried samples were crushed in
porcelain mortar and mixed well. Then, all samples
were passed through a 63-pm (400 mesh) sieve to
homogenize the particle size of the samples. About
120 g of each sample was sealed in a gas-tight, radon-
impermeable, cylindrical polyethylene plastic container
(5.5 cm diameter, 5 cm height) for gamma activity

analysis. Before measurements were taken, the con-
tainers were kept sealed for 4 weeks, in order to reach
an equilibrium between 2*°Ra and its short-lived prog-
eny (Baltas et al. 2014).

The activity concentrations of 226Ra, 22Th, K and
137Cs in all samples were measured using a coaxial HPGe
detector of 55% relative efficiency and a resolution of
1.9 keV at the 1332 keV gamma of 0Co (Ortec,
GEMS55P4-95 model). A detailed description of the detector
characteristics, system operation, calibration and the gamma
lines used to determine the activity concentration of 226Ra,
232"[11, 4K and "*’Cs has been presented elsewhere (Baltas
et al. 2014; Baltas et al. 2017; Baltas et al. 2018).

The activity concentration values for the radionu-
clides in the measured samples were computed using
the following equation:

___ N -1
C_sxPyxm (Bake™) (1)

where N is the net count per second for the gamma
emission; ¢ is the photopeak efficiency of the used
detector; P, is the abundance of the gamma line in a
radionuclide, the absolute transition for gamma decay;
and m is the weight of the dried sample in kilogrammes
(Baltas et al. 2018).

The minimum detectable activity (MDA) of this mea-
surement system was calculated as follows (Currie 1968):

B
MDA:L 2)
eX Py xTxm

where MDA is expressed in becquerels per
kilogramme; o is the statistical coverage factor, which
is equal to 1.645 (confidence level 95%); B is the
background for the region of interest of a certain
radionuclide; and T is the counting time in seconds
(Baltas et al. 2018). The MDA for the radionuclides of
interest was calculated as 0.16, 0.24, 1.69 and
0.02 Bq kgf1 for 22°Ra, 22Th, *°K and '*"Cs, respec-
tively. In TAEA-447-coded certified reference materi-
al sample, 226Ra, 232Th, ¥7Cs and *°K activity con-
centrations are given as 25.04, 37.3, 371.11 and
550 Bqkg ', respectively. The activity concentrations
of 226Ra, 232Th, 137Cs and *°K for the counting system
were calculated as 23.96, 35.7, 362.55 and
521 Bq kg', respectively. Accuracy, expressed as
recovery of reference material, was 95-98% for all
of the radionuclides. The specific activities of soil
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Table 1 Statistical summary of activity levels of radionuclides for each district

Statistic  Centre ~ Ayancik Boyabat Dikmen Duragan Erfelek Gerze Saraydiizii Tirkeli All study area
summary (N=10) (N=18) (N=14) (N=7) (N=9) (HN=9) (N=8) (N=6) (N=T) (N=88)
Ragq (Bq kg Min. 15.15 3436  27.68 5033  67.01 3252 4467 1452 4141 1452
Max. 10438 8096  117.68 131.78 125.02 102.15 77.86 55.10 7898 131.78
Mean 57.98 5794  63.64 77.07 90.18 5649 61.07 4287 5743 6274
Stan. dev  25.77 1023 2576  27.11 2293 2198 12.32 1512 13.18 2247
Median ~ 53.22 59.01 6350 67.74  78.77 5247 58.63 48.50 53.01 60.11
Hi, Min. 0.05 0.12 0.09 0.16 0.22 0.11 0.15  0.06 0.14  0.05
Max. 0.36 0.26 0.39 0.42 0.41 0.33 026 0.18 026 042
Mean 0.20 0.19 0.22 0.25 0.30 019 020 0.15 0.19 021
Stan. dev 0.09 0.03 0.08 0.09 0.08 007  0.04 0.05 0.05  0.07
Median  0.18 0.20 0.21 0.23 0.26 017  0.19 0.16 0.17 020
Hey Min. 0.04 0.09 0.07 0.14 0.18 0.09 0.12 0.04 0.11 0.04
Max. 0.28 0.22 0.32 0.36 0.34 028 021 0.15 0.21 0.36
Mean 0.16 0.16 0.18 0.21 0.24 015 0.16 0.12 0.16  0.17
Stan. dev  0.07 0.03 0.07 0.07 0.06 006 0.03 0.04 0.04  0.06
Median  0.14 0.16 0.17 0.18 0.21 0.14 0.16 0.13 0.14  0.16
L, Min. 0.11 0.26 0.21 0.38 0.50 024 033 0.11 0.31 0.11
Max. 0.81 0.61 0.88 0.97 0.93 076 058 041 0.59 097
Mean 0.43 0.44 0.48 0.58 0.67 042 046 032 043 0.47
Stan. dev 0.19 0.08 0.19 0.20 0.17 016  0.09 0.11 0.10  0.17
Median  0.40 0.44 0.48 0.51 0.59 039 044 036 040 045
Dr Gy h™) Min. 7.51 16.71 1372 2456 3234 1578 21.59 1722 20.13  7.22
Max. 52.65 38.82  56.00 6325 59.46 4825 37.32 26.69 38.04 63.25
Mean 28.50 2832 3093 37.14 4330  27.69 29.78 20.79 2790 30.51
Stan. dev 12.57 5.02 12.09 12.87 10.87 1042 598 727 6.27 10.67
Median  26.86 2944  30.59 3323 3822 2531 28.84 2340 2577  29.80
AEDE (mSv year ') Min. 0.01 0.02 0.02 0.03 0.04 002 0.03 0.01 0.02  0.01
Max. 0.06 0.05 0.07 0.08 0.07 006  0.05 0.03 0.05  0.08
Mean 0.03 0.03 0.04 0.05 0.05 0.03 0.04 0.03 0.03 0.04
Stan. dev  0.02 0.01 0.01 0.02 0.01 0.01 0.01  0.01 0.01 0.01
Median  0.03 0.04 0.04 0.04 0.05 0.03 0.04 0.03 0.03 0.04
ELRC (x 107 Min. 0.03 0.07 0.06 0.11 0.14 0.07  0.09 0.03 0.09  0.03
Max. 0.23 0.17 0.24 0.27 0.26 0.21 0.16  0.11 0.16  0.27
Mean 0.12 0.12 0.13 0.16 0.19 012  0.13  0.09 0.12  0.13
Stan. dev  0.05 0.02 0.05 0.06 0.05 0.04 0.03 0.03 0.03 0.05
Median  0.12 0.13 0.13 0.14 0.16 0.11 0.12  0.10 0.11 0.13

samples were in accordance with their certified
values, within errors of the order of 3-7%.

Geostatistic analysis and interpolated mapping

Geostatistics is a statistical analysis technique that de-
termines the relationship between spatial samples, not
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only by using the statistical properties of samples but
also by taking into account the coordinates of samples
taken at the same time. The most important advantage of
this calculation method is that the size of the error in the
calculation can be determined within certain confidence
intervals (Clark 1979). Thus, measurement results from
a specific area are only specific to the sampled stations.
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Fig. 2 Activity levels of radionuclides, using a box whisker plot for each district

It is generally necessary to interpolate unknown values between the results of measurements using geostatistical
for unsampled intermediate stations, in order to deter- methods is defined as a function of the distances be-
mine the distribution of the results. The similarity tween the stations, and unbiased and minimum variance
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estimations can be made by considering this function
(Matheron 1970; Olea 1982). In geostatistics, the
distance-dependent variations of regional variables are
determined by the variogram function, and this function
is expressed as the variance of the difference between
two variables spaced apart by 4 (Webster and Oliver
2001). As the distance between the variables increases,
the differences between the values of the variables in-
crease, and thus, the variance (semivariance) increases.
This increase in variance can be interpreted as a decrease
in the relationship between the variables (Diggle and
Ribeiro Jr 2007). Semivariance is a measure of the
degree of spatial dependence between samples. The
semivariance for the entire space is determined by Eq.
(3) (inal and Yigit 2003):

where y(h) is semivariance value, / is distance between
two measuring points, N(A) is number of point pairs in
the length 4, Z(x;) is value of the variable at point i and
Z(x; + h) is value of the variable measured at point x; + /.

Despite the existence of many different methods
(Oliver and Webster 2014) that can be used for various
purposes in geostatistical analysis, this metric is gener-
ally referred to as the weighted average calculation and
is the best linear unbiased estimator (BLUE) in the
literature (Matheron 1970; Krige 1966), where the ordi-
nary kriging (OK) method is used. In geostatistical
analysis, any non-uniformity in the distribution leads
to miscalculation of the kriging weights by distorting
the structure of the variogram. Thus, experimental data
that are often log-normal are applied to data transforma-
tions to ensure a normal distribution fit (Krige 1966; Li

) . .
v(h) — Y (Z(x)-Z(xi + h))2 (3) et al. 2009; Yesilkanat et al. 2015). In recent years, this
(h) = method has often been used to determine the
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Fig. 3 Mean values (+ SD) of Ra.q, Dr, AEDE and ELCR radiological risk levels for each district in the study area
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Fig.4 Mean values (+ SD) of the
Hiy, Hex and I, radiological risk
indices for each district in the
study area
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radiological distribution (Yesilkanat et al. 2015; Cafaro
et al. 2014; Hiemstra et al. 2009; Kobya et al. 2015;
Kucukomeroglu et al. 2016; Sanusi et al. 2014;
Savelieva 2005; Warnery et al. 2015).

All statistical analyses and interpolation estimations
used in this study were carried out in the R programming
language (Ihaka and Gentleman 1996; Team 2005). R is
an open source language, and a free version of the S
programming language is available under the general
public license (GPL). The GSTAT (Pebesma and
Wesseling 1998) and sp (Pebesma and Bivand 2005)
packages in R were used for geostatistical calculations.

Results and discussion
226Ra, 232Th, 4K and ¥'Cs activity concentrations
Table 1 shows a statistical summary of the 226Ra, 232Th,

40K and '*¥’Cs activity levels for each district, based on
the soil samples taken from the stations shown in Fig. 1.

0.2 0.4 0.6 0.8
Radiological index levels

According to the findings from the measurements, the
average activity concentrations in Sinop Province were
determined as 14.22 Bq kg ' for 2Ra, 18.93 Bq kg '
for 22Th, 278.62 Bq kg ' for “°K and 4.37 Bq kg " for
137Cs. The concentrations ranged from 3.61 to
41.07 Bq kg ! for *°Ra, 2.45 to 49.26 Bq kg ' for
232Th, 50.60 to 673.20 Bq kg ' for “°K and N.D. to
27.92 Bqkg ! for '*’Cs. Figure 2 shows the variation in
radionuclide levels using a box whisker plot for each
district in the study area. A Kruskal-Wallis test was used
to determine whether there was a significant difference
between the radionuclide distributions and the sampling
stations. A one-way analysis of variance could not be
used in this study, since there were insufficient samples
for each district. Significant differences (p <0.05) were
determined between districts, according to the results of
the Kruskal-Wallis test for natural radionuclides. A
Mann-Whitney pairwise comparison test was used to
determine which of these differences were significant.
From the **Ra activity in Fig. 2, it was determined
that the Saraydiizli district had a significantly different
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Table 2 Statistical summary of parameters for radiological risk levels

Statistic  Centre  Ayancik Boyabat Dikmen Duragan Erfelek Gerze Saraydiizii Tirkeli All study area
summary (N=10) (N=18) (N=14) (N=7) (N=9) (({N=9) (N=8) (N=6) (N=T) (N=88)
Ragq (Bq kg Min. 1515 3436  27.68 50.33  67.01 3252 44.67 1452 4141 1452
Max. 10438 80.96  117.68 131.78 125.02 102.15 77.86 55.10 7898 131.78
Mean 5798 5794  63.64 77.07 90.18 5649 61.07 42.87 5743 6274
Stan. dev 25.77 1023 2576  27.11 2293 2198 1232 1512 13.18 2247
Median 5322 59.01 63.50 67.74 7877 5247 58.63 48.50 53.01  60.11
Hi, Min. 0.05 0.12 0.09 0.16 0.22 0.11 0.15  0.06 0.14  0.05
Max. 0.36 0.26 0.39 0.42 0.41 0.33 026  0.18 026 042
Mean 0.20 0.19 0.22 0.25 0.30 019 020 0.15 019 021
Stan. dev  0.09 0.03 0.08 0.09 0.08 0.07  0.04 005 0.05 0.07
Median  0.18 0.20 0.21 0.23 0.26 017  0.19 0.16 0.17  0.20
Hey Min. 0.04 0.09 0.07 0.14 0.18 009 0.12 0.04 0.11 0.04
Max. 0.28 0.22 0.32 0.36 0.34 028 021 015 0.21 0.36
Mean 0.16 0.16 0.18 0.21 0.24 0.15 0.16 0.12 0.16  0.17
Stan. dev  0.07 0.03 0.07 0.07 0.06 0.06  0.03 0.04 0.04  0.06
Median  0.14 0.16 0.17 0.18 0.21 0.14 0.16 0.13 0.14 0.16
L, Min. 0.11 0.26 0.21 0.38 0.50 024 033 0.11 0.31 0.11
Max. 0.81 0.61 0.88 0.97 0.93 076  0.58 041 059 097
Mean 0.43 0.44 0.48 0.58 0.67 042 046 032 0.43 0.47
Stan. dev  0.19 0.08 0.19 0.20 0.17 0.16  0.09 0.11 0.10  0.17
Median  0.40 0.44 0.48 0.51 0.59 039 044 036 040 045
Dr Gy h™) Min. 7.51 16.71 1372 2456 3234 1578 21.59 1722 20.13  7.22
Max. 52.65 3882 56.00 6325 5946 4825 3732 26.69 38.04 6325
Mean 28.50 2832 3093 37.14 4330 27.69 29.78 20.79 27.90  30.51
Stan. dev 12.57  5.02 12.09 12.87  10.87 1042 598 727 6.27 10.67
Median  26.86 29.44  30.59 3323 3822 2531 28.84 2340 2577 29.80
AEDE (mSv year ') Min. 0.01 0.02 0.02 0.03 0.04 002 0.03 0.01 0.02  0.01
Max. 0.06 0.05 0.07 0.08 0.07 006  0.05 0.03 0.05 0.08
Mean 0.03 0.03 0.04 0.05 0.05 0.03 0.04 0.03 0.03 0.04
Stan. dev  0.02 0.01 0.01 0.02 0.01 0.01 0.01 001 0.01 0.01
Median  0.03 0.04 0.04 0.04 0.05 0.03 0.04 0.03 0.03 0.04
ELRC (x 107 Min. 0.03 0.07 0.06 0.11 0.14 0.07  0.09 0.03 0.09  0.03
Max. 0.23 0.17 0.24 0.27 0.26 0.21 0.16  0.11 016  0.27
Mean 0.12 0.12 0.13 0.16 0.19 012  0.13  0.09 012 0.3
Stan. dev  0.05 0.02 0.05 0.06 0.05 0.04 0.03 0.03 0.03 0.05
Median  0.12 0.13 0.13 0.14 0.16 0.11 0.12  0.10 0.11 0.13

(p <0.05) distribution from Dikmen, while the Duragan
district showed a significantly different (p < 0.05) distri-
bution from Ayancik, Boyabat, Erfelek, Gerze,
Saraydiizii and province as a whole. For **Th activity,
it was determined that the Saraydiizii district had a
significantly different (p <0.05) distribution from

@ Springer

Dikmen, Ayancik and the province as a whole, while
the Duragan district showed a significant difference (p
<0.05) from all districts except Dikmen and the prov-
ince overall. Likewise, for *°K activity, it was found that
the Saraydiizii district had a significantly different (p <
0.05) distribution from Dikmen, Gerze, Ayancik and the
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Fig. 5 Histograms for each radionuclide

province as a whole, while Duragan showed a signifi-
cant difference (p <0.05) from all districts except
Dikmen and the province overall. These differences in
natural radionuclides are thought to be due to geological
rock formations and the variability in soil structure
(Abba et al. 2017; Hung et al. 2016). Although the
137Cs radionuclide distribution was not significantly
different from the Kruskal-Wallis test (p >0.05), the
Mann-Whitney pairwise comparison showed a statisti-
cally significant difference (p <0.05) between the city
centre of the Duragan district, Gerze and the province as
a whole. The high activity value of the coastal areas
compared with that of the inner regions, due to the

Chernobyl NPP accident, was considered to be the
source of this regional difference in the distribution of
the artificial radionuclide.

Radiological risk levels

There are many parameters that arise from radionuclides
and which indicate hazard criteria for radioactivity. The
parameters most used in the literature are the radium
equivalent (Ra.q), absorbed dose rate (Dg), annual ef-
fective dose equivalent (AEDE), excess lifetime cancer
risk (ELCR), internal hazard index (H,,), external haz-
ard index (H.y) and gamma representative level index
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(Iy). These radiological risk levels can be calculated

using the following equations (UNSCEAR 2000;
Beretka and Mathew 1985; ICRP 1991; Krieger 1981):

Raeg (Bqkg ') = Ag, + 1.43A1, + 0.077Ak

(4)

Dr(nGy h™') = 0.461Ag, + 0.623A1y

+0.0417Ak + 0.1243Ac

AEDE (mSv year ') = Dg x DCF x OF x T
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Fig. 6 Cross-validation diagrams for radionuclides
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where Ag,, A, and Ak are the activity concentrations
(Bq kg ") of °Ra, 2**Th and *°K,, respectively, in the soil
sample, Dy, is the absorbed dose rate in air, DCF is the dose
conversion factor (0.7 Sv Gy_l), OF is the outdoor occu-
pancy factor (0.2), T'is the time (8760 h year '), DL is the
average duration of life (70 years) and RF is the risk factor
(Sv' 1), which reflects the fatal cancer risk per Sievert. For
stochastic effects, ICRP 60 uses values of 0.05 for the
public ICRP 1991; Taskin et al. 2018).

The mean values (= SD) of Ra.,, Dr, AEDE and
ELCR radiological risk levels calculated for each district
in the study area are presented in Fig. 3. The highest
average risk levels are shown in the Duragan district,
and the lowest average risk levels in the Saraydiizi
district. Mean risk values for the Dikmen and Duragan
districts were determined to be higher than the provin-
cial average, while the average risk levels of the Gerze
and Boyabat districts are close to the provincial average.
The mean values of Ra.q, Dr, AEDE and ELCR radio-
logical risk levels for the entire working area were
calculated to be 62.74 Bq kg ', 30.51 nGy h™',
0.04 mSv year ' and 0.13 x 10>, respectively. The
mean value of Ra., is lower than the recommended
maximum value of 370 Bq kg ', and the mean values
of Dr and AEDE are lower than the world mean value
(60 nGy h™' and 0.080 mSv year ', respectively)
(UNSCEAR 2000). The mean values of ELCR in all
researched stations are lower than the world’s average
value (0.29 x 10~>) (Taskin et al. 2009).

The mean values (+ SD) of Hiy,, Hex and /,, radiolog-
ical index levels for all districts and provinces in the
study area are presented comparatively in Fig. 4. Similar
to the results shown in Fig. 3, the highest risk indices are

found for the Duragan district, and the lowest risk indi-
ces for the Saraydiizii district. The radiological index
values for Boyabat, Dikmen and Duragan districts were
higher than the mean value for all districts. The mean
values of the H;,,, Hcx and I, radiological risk indices for
the entire working area were calculated as 0.21, 0.17 and
0.47, respectively. All values of H;,, Hex and I, were
calculated to be lower than the criterion value (< 1)
(Shohda et al. 2018). Parameters for radiological risk
levels are presented in Table 2 as a statistical summary
for each district and province.

Interpolated mapping of radionuclide activities

In order to properly map the distributions of the radio-
nuclides, it is necessary to determine the positional
correlation between the stations and thus to estimate
the activity values of the unmeasured intermediate
zones. At this stage, it is important that the data for each
station in the study area have normal distribution char-
acteristics (Krige 1966; McGrath et al. 2004); otherwise,
the structure of the variogram, which is an indicator of
the spatial correlation, may be distorted, leading to a
miscalculation of the kriging weights. Histogram curves
for the entire working area are presented in Fig. 5.
According to these histograms and the results of the
Shapiro-Wilk normality test, it was determined that the
artificial radionuclide (**’Cs) shows a log-normal distri-
bution, while the natural radionuclides (226Ra, 232Th and
40K) show a normal distribution for the entire working
area. Therefore, log-transformed values of '*’Cs activity
results should be used in spatial analysis calculations. At
this stage, natural radionuclides do not need transforma-
tion, since they have a normal distribution.

Figure 6 shows descriptive diagrams of the cross-
validation results and estimation results based on actual
measured values for predicted data using the OK ap-
proach for natural and artificial radionuclides. For cross-
validation, the result of a radiological measurement at a
station is excluded from the dataset, and the activity
result of this station was estimated using the kriging
model generated based on the other measurement re-
sults. This process was then applied to all points in the
dataset. The descriptive diagrams for each radionuclide
are as follows: maps of residuals, showing the magni-
tudes of prediction errors; cross-validation, showing the
relationship between the actual and estimated values:
residual vs. predicted data, showing that the errors are
independent of the predicted values; and histograms of
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residuals, showing the distribution of errors. In the maps
of residuals, prediction errors for the entire working area
were determined to be generally small. In the cross-
validation diagrams, there is a good correlation between
the actual measurement results and the predicted values,
except for a few outliers. This suggests that the calcu-
lated estimation results are appropriate and reliable. In
addition, the random and homogeneous distribution of
errors in the residuals vs. predicted data diagram shows
the normal distribution feature by adding errors close to
“0” in the histogram of residual diagram, showing the
reliability and appropriateness of the estimates obtained
as aresult of OK calculations. The results in Fig. 6 show
that the OK model proposed for this study area can be
used to determine radiological distributions.
Radiographic maps of the activity distribution of
22°Ra, ?*Th, “°K and "*’Cs radionuclides are presented
in Fig. 7. In the creation of these maps, the study area

was divided into 100 x 100 m? (1-ha spatial resolution)
cells and was represented by a grid system. Then, based
on the parameters used in the cross-validation process,
estimates of the activity levels of natural and artificial
radionuclides were calculated for each grid point, and
the results were coloured as a distribution map. When
the distribution maps were examined, it was determined
that the activity concentrations of natural radionuclides
(***Ra, **?Th, *°K) were distributed at a high level in the
Duragan district (southeast of Sinop), and the activity
concentration of the artificial radionuclide (**”Cs) was at
a high level in the inner and northern areas.

Conclusions

The activity concentrations of the natural (226Ra, 232Th,
40K) and artificial (*7Cs) radionuclides were
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Fig. 7 Interpolated estimation maps for the activity distributions of *?°Ra, 2*?Th, “’K and '*’Cs radionuclides

@ Springer



Environ Monit Assess (2019) 191:660

Page 13 of 14 660

determined by gamma ray spectroscopy in 88 different
soil samples collected around the site of the Sinop NPP
in Turkey, which is under construction. The mean activ-
ity concentrations of 226Ra, 232Th, 4°K and '*"Cs in the
soils were determined to be 14.22, 18.93, 278.62 and
4.37 Bq kg ', respectively. These values were found to
be lower than the world average values. The values of
Ra.q, Dr, AEDE, ELCR, H;,, H., and I, were calcu-
lated for each site in the study area. These values were
determined to be lower than the recommended safety
limits.

Using the OK method based on the results of mea-
surements in the study area, predicted values were also
calculated for the unmeasured regions, and the perfor-
mance of the results was evaluated using cross-
validation diagrams. The distributions of both natural
and artificial radionuclide levels are shown using inter-
polated estimation maps. According to these maps, it is
observed that the activity concentrations of 226Ra, 232Th
and *°K are high in the south-eastern parts of the study
area, and that of '*’Cs is high in the central and northern
parts. As a result, it was observed that these soils do not
present any significant health risk to humans in this area.
These data will be also useful as a baseline for monitor-
ing future changes in radioactivity in the environment of
the Sinop NPP.
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