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Abstract Outdoor dust (ODST), which is the main
carrier of toxic elements in urban or industrial envi-
ronments, is also one of the important sources caus-
ing public health problems. ODSTs in the production
areas of coal-fired brick kilns generally consist of soil
dust, brick dust and coal bottom ash. Therefore, these
ODSTs contain naturally occurring radioactive mate-
rials (NORMs) such as terrestrial radionuclides in the
uranium (**®U) and thorium (***Th) decay chains and
radioactive potassium (*°K). For the first time in this
study, radiological health risks caused by the ionizing
radiation doses from NORM in ODST samples col-
lected from thirty-one lignite coal-burning clay brick
factories in Tiirkiye were assessed for adult workers
by estimating total annual effective dose (TAED) due
to the external and internal exposure and the cor-
responding total lifetime cancer risk (TLCR). The
elemental concentrations of uranium (U), thorium
(Th) and potassium (K) obtained in mg/kg from an
energy-dispersive X-ray fluorescence spectrometric
analysis were converted to the corresponding activ-
ity concentrations in Bg/kg of 2*¥U, *’Th and “’K.
The average activity concentrations of 2**U, 2*Th and
40K in ODST samples were found to be 33.4 (9.9 to
132.1 Bg/kg), 39.4 (21.9 to 59.2 Bg/kg) and 458.9
(328.3 to 712.9 Bg/kg) Bg/kg, respectively, which
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were comparatively to the worldwide soil average
values. The average values of TAED and TLCR were
estimated as 84.3 pSv and 3.4x107%, respectively.
Radiological evaluation revealed that adult workers
are exposed to an additional dose of one-fourth of the
TAED (366 pSv) from external and internal (exclud-
ing radon) exposures from natural radiation.

Keywords Outdoor dust - Clay brick factories -
NORM - Radiological risk - Annual effective dose -
Excess lifetime cancer risk

Introduction

With the dizzying rate of development of industry
and technology and rapid urbanization, the release of
large amounts of toxic air pollutants into the atmos-
phere continues to be a major global problem that
affects human health, the environmental and the qual-
ity of air, soil, and water (Abedin & Khan, 2022; Cui
et al., 2024; Din et al., 2024; Ekoa Bessa et al., 2024;
Geng & Bai, 2024; Manisalidis et al., 2020; Wong
et al., 2023). Intake of toxic air pollutants such as
radioactive materials, heavy metals, industrial gases,
volatile organic compounds, industrial solvents, poly-
cyclic aromatic hydrocarbons, etc., into the human
body through inhalation, ingestion, and dermal con-
tact causes cancer, neurological, cardiovascular, and
respiratory diseases, and other serious chronic human
health problems (Achilleos et al., 2024; Wong et al.,
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2023). Soil is not only a significant reservoir for toxic
pollutants but also serves as a means of transporting
them to the respiratory system in the form of dust
(Zakaly et al., 2024). Outdoor dusts (ODSTs), usu-
ally originating from surface soils, are dry, solid, and
fine particles that can float in the air (Abedin & Khan,
2022; Dudu et al., 2018). ODSTs in urban and indus-
trial areas are produced by natural processes (earth-
quakes, rain, floods, landslides, soil erosion, heat and
turbulent air currents, etc.) and/or various anthropo-
genic activities (brick and cement production, vehi-
cle transportation, building and road construction,
building demolition, textile industries, etc.). They are
released into the atmosphere and slowly settle from
the atmosphere to ground (Abedin & Khan, 2022;
Addo et al., 2020; Dudu et al., 2018). Thus, ODST,
which is the main carrier of toxic air pollutants in the
urban environment and industrial areas, is also one of
the most important public health problems (Bourliva
et al., 2016; Dyttow & Goérka-Kostrubiec, 2021; Nav-
arro-Ciurana et al., 2023).

Naturally  occurring  radioactive  materials
(NORMs) contain radionuclides in the uranium
(*38U), thorium (**’Th), and actinium (***U) decay
series and radioactive potassium (*°K) (UNSCEAR,
2000). NORMs are released into the air in the form
of ODST from many lithogenic and anthropogenic
sources and contaminate air, water and soil (Abedin
& Khan, 2022; Addo et al., 2020; Zakaly et al., 2024;
Zivuku et al., 2023). When NORMs in dust are
released into the atmosphere, some of the NORMs
may accumulate on the soil surface or be carried by
wind to distant areas on meteorological events and
weather conditions (Yesilkanat & Kobya, 2021).
Gamma rays emitted from NORMs deposited on the
surface cause external radiation in humans, while
internal exposures result from inhalation and inges-
tion of NORMs in ODST samples (UNSCEAR,
2000). NORMs taken into the body can settle in
various organs and can continuously expose these
organs to ionizing radiations (especially alpha- and
beta-rays) from NORMs, depending on their effec-
tive half-life. Thus, exposure to ionizing radiation
can damage cells, tissues, organs, and DNA and may
adversely affect human health, such as deteriorating
lung function and increasing the risk of cancer and
cardiovascular death (Achilleos et al., 2024). For this
reason, the determination of NORM contents and
sources in dust (outdoor and indoor dust) samples is
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a prerequisite for the assessment of radiological risks
related to human health and monitoring of environ-
mental pollution. Determination of NORM contents
in ODST (street, road, and desert dust) samples and
indoor (homes, schools, etc.) dust samples and assess-
ment of radiological health risks (RHRs) due to exter-
nal and internal exposures have been carried out by
many researchers (Abdullaev et al., 2013; Abedin &
Khan, 2022; Addo et al., 2020; Al-Hamidawi, 2015;
Al-Khazzar et al., 2024; Arimoto et al., 2005; Doer-
ing et al., 2019; El-Zohry & El-Zayat, 2019; Han &
Park, 2018; Hanfi et al., 2021; Hmood et al., 2019;
Khan et al., 2024; Mahdi et al., 2017; Obayes et al.,
2019; Pham et al., 2017). However, research on
NORM concentrations in dust samples from indus-
trial areas has been rarely conducted (Abdullah et al.,
2019; Dudu et al., 2018; Zivuku et al., 2023). Dudu
et al. (2018) determined the activity concentrations of
NORMs (**8U, 2*Th, #?°Ra, and “°K) in dust samples
collected from the West Rand mining area of South
Africa using a gamma-ray spectrometry (GRS).
Abdullah et al. (2019) studied the radioactivity levels
of NORMs (8U, *?Th and *’K) in quarry dust sam-
ples collected from eight locations throughout Kelan-
tan using a GRS and estimated the related radiologi-
cal risks. Zivuku et al. (2023) measured the activity
concentration of NORMs (238U, 2327, 226Rga, 210pp,
and “°K) in particulate matter (PM) and soil sam-
ples collected from two mining towns of Karibib and
Arandis in Namibia using a GRS and evaluated the
radiological human health of the people around the
mining sites.

Rapid population growth and urban development
have increased the demand for building materials
worldwide (Idrees et al., 2023). Clay brick is one of
the most widely used building materials and is mainly
used in the construction of exterior and interior walls
in buildings (Idrees et al., 2023; Koroneos & Dom-
pros, 2007; Turhan et al., 2024a). Approximately 1.3
trillion clay bricks are produced worldwide each year
(Idrees et al., 2023). The dramatic increase in clay brick
production has caused various negative environmen-
tal effects (Idrees et al., 2023; Koroneos & Dompros,
2007; Turhan et al., 2024a). In a coal-fired brick kiln
(CFBK), approximately 80% of the ash during combus-
tion is released into the atmosphere as fly ash, while
the remaining 20% is characterized as bottom ash (BA)
(Siraz et al., 2023). Kiln dust, as ODST on the soil sur-
face of the brick production site, generally consists of
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BA, fine brick fragments and burnt clay (Turhan et al.,
2024a). When NORMs in ODST are released into the
atmosphere, some of the NORMs may accumulate on
the soil surface in the production site or be carried off-
site and spread to nearby soils as a result of the local
climate. Some of the material accumulated in the
ODST layer on the soil surface will become airborne
again when disturbed by wind and human activities
such as vehicle movement, digging or walking, causing
additional internal exposures to workers resulting from
inhalation and ingestion of NORMs. According to our
literature research, no study has been conducted on the
determination of NORMs and the assessment of the
RHRs in ODST dust in the production areas of CFBKs.

Keeping all these in mind, the main objectives of
this study are: (1) to determine the NORM contents of
ODST collected from the production sites of CFBKs
and (2) to assess RHRs for adult workers exposed to
ionizing radiation. For this, (1) the contents of ura-
nium, thorium and potassium in ODST samples col-
lected from the production areas of thirty-one CFKBs
located in the Western Black Sea Region of Tiirkiye,
which meets approximately one-third of Tiirkiye’s
brick needs, were analyzed by using an energy disper-
sive X-ray fluorescence (EDXRF) spectrometer, (2)
these contents were converted into activity concentra-
tions of 28U, 22Th and *°K and (3) to assess RHRs, the
annual effective doses which adult workers in each fac-
tory could receive due to external and internal radiation
exposure and the corresponding lifetime cancer risks
for twenty years were estimated based on the activity
concentrations of these NORMs.

The novelties of this study are (1) for the first time,
it draws attention and creates awareness and concern
about the additional radiation dose that workers may be
exposed to due to dust in workplaces such as brick facto-
ries in Tiirkiye, and (2) that the information obtained as a
result of the study provides guidance for brick manufac-
turers or authorized institutions to take measures and reg-
ulations to minimize the potential danger from NORM
and thus protect human health and the environment.

Material and methods

Sample collection and preparation

Thirty-one ODST samples were collected from
thirty-one CFBKs shown on the map in Fig. 1. The

first twenty-four ODST samples were collected from
the CFBKs located in the Boyabat district of Sinop
province, and the next seven ODST samples were col-
lected from the CFBKSs located in the Tosya district
of Kastamonu province (Turhan et al., 2024a). Each
ODST sample was collected by carefully sweeping
an area from the production areas of the CFBK with
plastic tools, and then put into impermeable poly-
ethylene packages for storage (Turhan et al., 2024a).
Then, each ODST sample was coded and transported
to the Analysis Preparation Laborator and kept in
an atmospheric environment until analysis (Turhan
et al., 2024a). ODST samples were dried in a furnace
at 110 °C for five hours. After being homogenized,
approximately five grams of each sample was taken
for analysis (Turhan et al., 2024a). CFBK dust sam-
ples were coded as ODST.

Sample analysis

The elemental analysis of U, Th and K in ODST
samples was carried out using EDXRF spectrometry
(Spectro Xepos, Ametek). The EDXR spectrometer
has a thick binary Pd/Co alloy anode X-ray tube
(50 kV, 60 W) (Turhan et al., 2024a). The system’s
spectral resolution is less than 155 eV (Turhan et al.,
2024a). The specifications of the EDXRF spec-
trometry are presented in Table 1 (Spectro Ametek,
2025).

Activity concentration of NORM

The elemental concentrations of U, Th, and K ana-
lyzed in the ODST sample by EDXRF were trans-
formed to activity concentrations of NORMs with the
equation given below (Turhan et al., 2024b):

AC = In2 y E- X h(%) X Ny, W
Ty Wxf

where AC is the activity concentration (Bq/kg) of
28y, 2Th and *°K; T, is the half-life of radionu-
clide (4.468x10° y, 1.408x10'° y and 1.28x10°
y for 23U, 2’Th and *°K, respectively); Eq is the
elemental concentration of U (mg/kg), Th (mg/kg)
and K (%); h is the isotopic abundance (%) of each
radionuclide in nature (99.2752%, 100% and 0.0117%
for 238U, 232Th and *°K, respectively) (Turhan et al.,
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Fig. 1 Location of coal-fired brick kilns

Table 1 Specifications of EDXRF spectrometer

Excitation

Detection

e X-ray tube with thick binary Pd/Co alloy anode with air-cooling

e Maximum power of 50 W

o Maximum of 60 kV

e Adaptive excitation system with optimized filters

o Bandpass filter for improved performance for elements in the range K-Mn

o Silicon drift detector with Peltier cooling. It has delivered high resolution with low spectral

o Large detector area (30 mm?, active area 20 mm?)

e Spectral resolution (FWHM) <155 eV

o Input count rate up to 1,000,000 counts/s

e Detector filter changer for active pile-up reduction

e Application range extended to multilayer analysis, up to 8 layers and up to 55 elements

e No required calibration of certified reference samples. The user simply supplies relevant initial samples to build the
database; the software examines the measured spectra and creates a fingerprint for each sample. Going forward, every
newly introduced sample can be swiftly fingerprinted and compared to the rest of the database

o Easy validation. Instead of validating each calibration for each element in each matrix, users simply check all samples
of the database against each other and see the outcome

2010); N,y is Avogadro’s number (6.023x 10%
atoms/mol); W is the atomic weight (kg/mol) and f is
a factor with a value of 1,000,000 for 2*U and 2*?Th,
and 100 for “°K (Turhan et al., 2010).
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RHR assessment

Possible RHRs caused by the ionizing radiation emit-
ted from NORMs in the ODST samples were assessed
for adult workers, taking into account external and
internal exposures.
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External exposure

The contribution of gamma radiations from NORMs
to the absorbed gamma dose rate (GDR) in out-
door air depends on the activity level of NORMs.

Moreover, there is an instantaneous relationship
between terrestrial gamma radiation dose and the
activity concentrations of NORMs. When the activ-
ity concentration of NORMs is known, the GDR
can be estimated. The outdoor GDR in the air at

Table 2 Elemental abundances and the corresponding activity concentrations in ODST samples with descriptive statistics

Sample code Location Elemental concentration (mg/kg) Activity concentration (Bq/kg)

U Th K 238(5 2321 0K
ODST1 Boyabat 1.3+0.1 104+04 18,450 +40 16.3+0.8 422+14 558.3+179
ODST2 26.4+0.7 14.8+1.0 15,530 +30 102.5+3.8 592+1.4 469.9+15.2
ODST3 1.2+0.1 6.6+0.3 14,500 +30 14.8+0.7 26.8+1.2 438.8+14.1
ODST4 09+0.2 10.7+04 18,230 +40 11.1+04 43.4+1.6 551.6+18.2
ODST5S 1.3+0.1 102+04 18,530+30 17.5+0.7 414+1.5 560.7+19.2
ODST6 3.6+0.2 11.2+04 13,090 +30 444422 454+1.8 396.1+12.7
ODST7 0.8+0.1 9.6+0.3 18,070 +£40 9.9+0.3 389+1.2 546.8+18.4
ODSTS 1.4+0.1 8.1+0.2 15,950 +30 17.3+0.8 329+1.8 482.6+15.3
ODST9 3.6+0.2 12.6 +0.4 15,990 +30 444+19 51.1x1.9 483.8+15.5
ODSTI10 1.6+0.1 89+0.3 12,350 +30 19.8+1.1 36.1+1.3 373.7+12.1
ODSTI11 1.3+0.1 10.3+04 15,350 +30 17.3+0.8 41.8+1.6 464.5+14.8
ODSTI12 25+0.2 12.1+04 16,370 +£30 309+1.4 49.1+1.8 4953+15.7
ODST13 1.3+0.1 6.9+0.3 13,950 +30 16.8+0.7 272+0.9 422.1+13.5
ODST14 1.2+0.1 9.6+04 15,630 +30 14.8+0.7 389+1.1 4729+153
ODST15 12.7+0.4 12.1+04 18,900 +40 72.8+2.9 46.6+1.9 571.9+18.7
ODST16 5.1+0.3 13.1+0.5 15,010 +£30 64.2+2.7 53.1+2.0 454.2+14.3
ODST17 1.6+0.1 8.7+0.4 14,600 +30 18.6+1.0 353+1.2 441.8+14.2
ODST18 2.8+0.1 7.5+0.3 17,710 +30 346+1.6 304+1.1 53594179
ODST19 1.5+0.1 10.9+0.4 16,740 +30 18.5+0.9 442+1.7 506.5+16.1
ODST20 1.9+0.1 8.7+0.4 15,130 +30 23.5+1.2 353+1.7 457.8+14.6
ODST21 4.7+0.3 13.5+0.5 23,560 +40 59.3+2.7 54.8+2.1 712.9+22.6
ODST22 1.3+0.1 54+03 11,720 +30 16.3+0.8 21.9+0.7 354.6+11.6
ODST23 1.5+0.1 6.5+0.3 15,920 +30 18.5+0.8 26.4+0.8 481.7+15.3
ODST24 2.8+0.2 85+0.4 11,420 +30 346+1.8 345+1.3 345.6+11.2
ODST25 Tosya 6.7+0.1 11.1+0.4 12,200 +30 82.7+3.2 458+1.8 369.2+11.9
ODST26 20.7+0.6 11.6+0.8 11,880+30 132.1+5.7 47.1+19 359.5+11.4
ODST27 1.7+0.1 6.2+0.3 10,850 +30 19.8+0.9 252+0.8 328.3+10.7
ODST28 1.4+0.1 10.6+0.5 14,970 +30 17.3+0.6 42.6+1.8 453.1+14.5
ODST29 1.2+0.1 9.1+0.5 10,880 +30 14.8+0.6 36.5+1.3 329.2+10.8
ODST30 1.3+0.1 10.5+0.5 15,480 +30 16.5+0.8 42.6+1.6 468.4+14.9
ODST31 1.1+0.1 6.3+0.3 11,130 +30 13.6+0.7 25.6+0.8 336.8+11.5
Average 2.7 9.7 15,164 334 39.4 458.9
Median 1.5 10.2 15,350 18.5 414 464.5
Standard deviation 24 2.3 2889 29.5 9.5 87.4
Standard error 0.4 0.4 519 5.3 1.7 15.7
Kurtosis 2.0 -0.02 0.6 2.0 —-0.02 0.6
Skewness 3.6 —0.6 0.9 3.6 —0.6 0.9
Min 0.8 54 10,850 9.9 21.9 328.3
Max 10.7 14.6 23,560 132.1 59.2 712.9
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1 m above the ground at each sampling point in the
CFBK was estimated using the equation given below
(UNSCEAR, 2000):

GDR (nGy/h) = ) AC, X DCFy,, )
where AC; is the activity concentrations (Bq/kg) of
238U, 22Th and *°K, and DCF,, is the dose conver-
sion factor (0.462, 0.604 and 0.0417 nGy/h per Bq/
kg, respectively) (UNSCEAR, 2000). The corre-

sponding annual effective dose (AEDg,,) was esti-
mated as follows (UNSCEAR, 2000):

AEDg, (uSv/y) = GDR x CF X OF x 1073 3)

where GDR is the outdoor gamma dose rate given in
Eq. (2), CF is the dose conversion factor of 0.7 Sv/Gy
for adults, and OF is the outdoor occupancy factor of
0.2 (UNSCEAR, 2000).

Internal exposure

Internal exposures occur through the intake of
NORMs in ODST samples by ingestion and inha-
lation (UNSCEAR, 2000). Annual effective dose
(AEDy,,) due to the ingestion was estimated as fol-
lows (UNSCEAR, 2008, Turhan et al., 2024b):

10 - / ‘: A 10 4

Frequency
Frequency

S N B O
= A
. " L N

AED,,(uSv/y) = Y AC; X EDCy,, X A

ilng (4)
where EDCyy,,, is the effective dose coefficient for
adult workers (0.044, 0.23 and 0.0062 uSv/Bq for
28y, 22Th and *K, respectively) (ICRP119, 2012)
and Al is an annual intake of ODST (100 mg/d x 105
d/y) (USEPA, 2011).
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Fig. 3 Correlation plot for the transformed concentration of
NORMSs (*: significant correlations)
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Fig. 2 The frequency distributions and Q-Q plots of the concentration of NORMs
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Annual effective dose (AEDy,,) due to the inha-
lation was estimated as follows (UNSCEAR, 2008:
Hanfi et al., 2021):

AEDy, (uSv/y) = Y AC; X EDCyjpyy X VX CX T
i
%)

where EDCy;,,, is the effective dose coefficient for
workers (1.6, 42 and 0.003 uSv/Bq for *¥U, *’Th
and “K, respectively) (ICRP119, 2012); V is breath
frequency (20 m%d), and C is the average dust

concentration (50 pg/m3) (UNSCEAR, 2000) and T is
the exposure time (20 y X 365 d/y).

Excess lifetime cancer risk

Total excess lifetime cancer risk (TLCR) caused by
external and internal exposure annually was estimated
as follows (ICRP, 1990):

TLCR = TAED - ALT - RF 6)

] <=32.66

0 32.66-41.37
] 41.37-50.61
= >50.61

[ <=434.06

[ 434.06 - 499.39
] 499.39 - 568.66
[ > 568.66

C

N

®

L]

] <=31.75 ] <=39.01
E 31.75-54.93 B 39.01-67.57
] 54.93-79.51 o [ 67.57-97.85
| >79.51 ° M >97.85
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[] <=360.05
[ 360.05 - 395.64

Fig. 6 The spatial distribution maps of the activity concentrations of NORM:s in the ODST samples A U—Boyabat, B Th—Boya-

bat, C K—Boyabat, D U—Tosya, E Th—Tosya, F K—Tosya
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Table 3 Radiological

. Sample code GDR (nGy/h)

health risk parameter

estimated for workers
ODST1 56
ODST2 103
ODST3 41
ODST4 54
ODST5 56
ODST6 64
ODST7 51
ODSTS8 48
ODST9 72
ODST10 47
ODSTI11 53
ODSTI12 65
ODST13 42
ODST14 50
ODST15 86
ODST16 81
ODST17 48
ODST18 57
ODST19 56
ODST20 51
ODST21 90
ODST22 36
ODST23 45
ODST24 51
ODST25 81
ODST26 104
ODST27 38
ODST28 53
ODST29 43
ODST30 53
ODST31 36
Average 58.4
Min 355
Max 104.4

Annual effective dose (pSv) TLCR
AEDg,, AED, AEDy,, TAED

69 13.15 0.15 82.4 3.3E-04
126 19.38 0.22 145.6 5.8E-04
51 8.40 0.10 59.2 2.4E-04
67 13.46 0.15 80.3 3.2E-04
69 12.91 0.14 82.4 3.3E-04
79 14.47 0.16 93.8 3.7E-04
62 12.08 0.13 74.7 3.0E-04
59 10.29 0.12 69.3 2.8E-04
88 16.21 0.18 104.2 4.2E-04
57 11.32 0.12 68.5 2.7E-04
65 13.03 0.14 77.1 3.1E-04
79 15.43 0.17 94.8 3.8E-04
51 8.54 0.10 59.9 2.4E-04
61 12.13 0.13 73.7 2.9E-04
105 15.18 0.18 120.5 4.8E-04
99 17.06 0.19 116.3 4.6E-04
59 11.06 0.12 70.5 2.8E-04
70 9.75 0.12 79.4 3.2E-04
69 13.79 0.15 83.1 3.3E-04
63 11.11 0.13 74.1 3.0E-04
111 17.51 0.21 128.4 5.1E-04
44 6.92 0.08 50.6 2.0E-04
55 8.32 0.10 63.1 2.5E-04
63 10.99 0.12 74.0 3.0E-04
100 15.04 0.17 115.0 4.6E-04
128 15.99 0.20 144.4 5.8E-04
47 7.95 0.09 54.7 2.2E-04
65 13.28 0.14 78.0 3.1E-04
52 11.38 0.12 63.8 2.5E-04
65 13.27 0.14 78.3 3.1E-04
44 8.01 0.09 52.0 2.1E-04
71.6 12.5 0.14 84.3 3.4E-04
43.6 6.9 0.08 50.6 2.0E-04
128.2 19.4 0.22 145.6 5.8E-04

where TAED is the total annual effective dose rate
and equal to the sum of AEDg,,, AEDy,, and AEDy,,,
ALT denotes the average lifetime of 70 y, and RF is
the cancer risk factor of 0.057/Sv (ICRP, 1990).

Spatial distribution analysis

NORM concentration distribution was examined
using QGIS Desktop 3.36.0. The sampling locations’
geographic coordinates were plotted on a digital

platform. Inverse distance weighting (IDW) interpo-
lation was applied to estimate radionuclide concentra-
tions throughout the study area, utilizing measured
values from the sampled sites.

Statistical analysis
Statistical analyses were performed to examine data

distribution, assess variance homogeneity, and deter-
mine differences in NORM concentrations among
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groups. The Shapiro—Wilk test was used to evaluate
normality, while the Levene test assessed variance
homogeneity. Findings revealed that the data did not
follow a normal distribution or meet the assumption
of homogeneity. Various transformation techniques
were explored, and rank transformation was chosen as
it successfully normalized the distribution.

After achieving normality and variance homoge-
neity, an ANOVA test (p=0.05) was conducted to
analyze variations in NORM concentrations across
locations. Additionally, Pearson correlation coeffi-
cients were calculated to identify relationships among
NORMs. All statistical analyses were performed
using R Studio version 2023.06 (R Core Team, 2023).

Results and discussion
NORM concentrations
Table 2 presents the elemental concentrations of U,

Th, and K analyzed in each ODST sample, as well
as the calculated activity concentrations of NORMs

with some descriptive statistical data such as average,
median, standard deviation, and error. The frequency
distributions and Q-Q plots of the concentrations
of NORMs are shown in Fig. 2. Figure 2 illustrates
that the rank transformation successfully normalizes
all NORM data. The Pearson correlation test results,
presented in Fig. 3, indicate a significant positive
correlation between U concentration and Th concen-
tration, as well as between Th concentration and K
concentration.

From Table 2, the average concentrations of U, Th
and K analyzed in the ODST samples were 2.7 +0.4
(0.8-10.7) mg/kg, 9.7+0.4 (5.4-14.6) mg/kg and
1.5+0.1 (1.1-2.4) %, respectively. The average con-
centration of U is equal to that analyzed in the upper
crust composition (UCC), while the average concen-
trations of Th and K were relatively lower than those
(10.5 mg/kg and 2.3% for Th and K, respectively) in
UCC (Rudnick & Gao, 2014).

The activity concentrations (ACs) of 28y, 232Th
and *°K in all ODST samples are given in Fig. 4. and
it shows that ACs varied from 9.9 (ODST7) to 132
(ODST26) Bq/kg with an average of 33.4+5.3 Bq/
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Fig. 7 The spatial distribution maps of TAED and TLCR for locations A TAED—Boyabat, B TLCR—Boyabat, C TAED—Tosya,

D TLCR—Tosya
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kg, 21.9 (ODST22) to 59.2 (ODST2) Bg/kg with an
average of 39.4+1.7 and 328.3 (ODST27) to 712.9
(ODST21) Bg/kg with an average of 458.9+15.7,
respectively. As shown, the variation in the activity
levels of NORMs in the ODSTR samples could be
due to local factors such as soil class and concentra-
tion dust loading of air from coal ash and brick dust.
The average AC of *3*U was found to be very close
to the current worldwide average (CWA) value of
33 Bg/kg (UNSCEAR, 2008). The average AC of
232Th is below the CWA value of 45 Bq/kg, while the
average AC of *°K is higher than the CWA value of
412 Bq/kg (UNSCEAR, 2008). 32%, 29% and 71% of
the ODST samples had ACs of U, Th and K above
the quoted CWAs, respectively. However, the aver-
age ACs of NORMs in the ODST samples are greater
than those (28.6, 33.0 and 448.5 Bg/kg for >**U, **Th
and *°K, respectively) measured in surface soil sam-
ples from Tiirkiye (Turhan et al., 2012).

The variations in NORM concentrations between
different locations, specifically Boyabat and Tosya,
were examined using box plots (Fig. 5) and an
ANOVA test. The ANOVA results indicated no sta-
tistically significant difference in U concentrations
between the two locations (»p=0.3169) nor in Th
concentrations (p =0.641). However, a significant dif-
ference was observed in potassium (K) distribution
between the two sites (p=0.00108).

The spatial distribution maps of the activity con-
centrations of NORMs in the ODST samples obtained
by inverse distance weighting (IDW) interpolation for
Boyabat and Tosya are shown in Fig. 6.

Assessment of RHR

The values of the RHR parameters estimated for
workers working in the CFBKs are given in Table 3.
From Table 3, the GDR values varied from 35.5 to
104.4 nGy/h with an average value of 58.4 nGy/h,
which is close to the world average outdoor absorbed
gamma dose rate of 59 nGy/h (UNSCEAR, 2008).
The corresponding AEDg,, values varied from 43.6
to 128.2 pSv/y with an average value of 71.6 pSv,
which is also close to the world average outdoor
annual effective dose of 70 pSv (UNSCEAR, 2008).
The AEDy,, values varied from 6.9 to 19.4 pSv with
an average value of 12.5 pSv, which is two times
higher than the world average AED of 5.8 pSv from
inhalation of U and **’Th series radionuclides

in air (UNSCEAR, 2008). The AEDy,, values var-
ied from 0.08 to 0.22 pSv with an average value of
0.14 pSv, which is well below the world average AED
of 290 pSv from the ingestion of terrestrial radionu-
clides (UNSCEAR, 2008).

The values of TAED and the corresponding TLCR
vary from 50.6 to 145.6 pSv with an average value of
84.3 uSv and 2.0x 10 to 5.8 10~ with an average
value of 3.4 x 107*, respectively. These values are one-
fourth of the world average value of 366 puSv from
external (NORMs outdoors) and internal (inhalation
and ingestion of NORMS) exposures and the cor-
responding excess TLCR of 1.5x 107> (UNSCEAR,
2008). The distribution of TAED and TLCR values in
Boyabat and Tosya are presented in Fig. 7.

Conclusion

For the first time, this study investigated the pres-
ence and levels of NORM concentrations in the
outdoor dust of the production areas of coal-fired
brick kilns in the region where the brick factories
are most densely located in Tiirkiye and assessed
the radiological health risks for workers exposed
to external and internal irradiation resulting from
these NORMs. In addition, this study emphasized
the importance of characterizing industries contain-
ing NORM in terms of assessing radiological effects
and implementing appropriate safety measures.

Consequently, this study may raise public aware-
ness and attract the attention of relevant institutions
regarding the radiological hazards of workers in
the brick industry originating from NORMs in out-
door dust. Thereby, the following points were high-
lighted: (1) employers should use modern and effec-
tive technologies to minimize radiological health
risks due to occupational exposure, (2) the use of
personal protective equipment among employees
should be made mandatory to limit NORM expo-
sure, and (3) such workplaces should be regularly
monitored.
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