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ARTICLE INFO ABSTRACT
Handling Editor: Dr S.C. Sheppard Primordial radionuclides can be found in all environmental compartments. Since coal-fired power plants (CFPP)
can be a source of additional radionuclide contamination because coal contains natural radioactive isotopes such
Keywords: as 238U (2%%Ra) and 232Th. This study investigated the impact of such possible radionuclide contamination from
iaqlog“CIIdeS former heavy industrial activities, namely a former local coal-fired power plant, in urban soils and attic dust in
ttic dust

Salgétarjan, Hungary. Even today, industrial by-products, e.g., coal ash, in this city represent significant threat to
its residents. A total of 36 attic dust samples (family houses, kindergartens, churches and blockhouses) were
collected and 19 urban soil samples (playgrounds, kindergartens, parks and others) were selected no further than
500 m from the corresponding attic dust sampling sites. Additionally, a coal ash and a brown forest soil sample
were also collected to differentiate between the anthropogenic and geogenic sources in the residential area. The
sampled houses, built between 1890 and 1990, are considered to be representative sampling sites for long-term
accumulations of attic dust. The mean values of the total U, Th and Cs (mg kg™') concentrations as well as those
of K (m/m %) in attic dust and urban soil samples are 2.4, 3.6, 1.7 and 0.6 and 1.1, 4.4, 1.2 and 0.3, respectively,
measured using ICP-MS. The mean activity concentrations of 22°Ra, 2*2Th, *°K and '*’Cs in attic dust and urban
soil samples are 43.3, 34.0, 534.4 and 88.5 and 25.1, 32.8, 386.4 and 5.6 Bq kg’l, respectively, by using a low-
background iron chamber with a well-type HPGe and a n-type coaxial HPGe detector.

The elemental compositions (U, Th) and activity concentrations (?2°Ra, 232Th) along with their abundances in
coal ash from the CFPP increase in both studied media as the distance of the sampling sites from the CFPP
decreases. Two outlier attic dust samples in particular show significantly high activity concentrations of 2?°Ra:
145 and 143, of 232Th: 83 and 94 Bq kg !, which can be considered as a proxy of unweathered coal ash. The
calculated total absorbed gamma dose rate (D) and annual effective dose (E) received from urban soils indicate
that the presence of the CFPP, coal ash cone and slag dumps does not cause an increase in the level of background
radiation in Salgoétarjan. However, the concentrations of the studied radionuclides are much higher (except for
22Th) and exhibit higher degree of variability in the samples of attic dustthan in those of urban soils. The study
suggests that attic dust preserves the undisturbed ‘fingerprints’ of long-term atmospheric deposition thanks to its
chemical and physical properties unlike urban soil.
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1. Introduction

Radioactivity has become a major concern over the years because of
its association with public health (UNSCEAR, 2010). Primordial radio-
nuclides (238U(226Ra), 232Th and *°K) are present to various degrees in
all environmental spheres as naturally occurring radioactive materials
(NORMs). Human interventions, e.g., coal mining and operarion of
coal-fired power plants, utilize, recover and dispose of these materials,
thereby creating technologically enhanced naturally occurring radio-
active materials (TENORMSs) which can increase levels of radiation
exposure (EPA, 2006). Furthermore, artificial radionuclides have been
released into the atmosphere mostly as a result of nuclear weapons
testing from the 1940’s to 1980’s and major nuclear accidents (Cher-
nobyl, 1986 and Fukushima, 2011; UNSCEAR, 2010). Studies on envi-
ronmental liability, such as those concerning contaminated sites and
radioactive waste depository, provide valuable knowledge of radiation
risk assessments associated with exposure and dose (Ahmad et al.,
2019).

Since the 1960’s, numerous studies from around the world such as
from Poland, China and Brazil have been proposed focusing on
contamination in the vicinity of coal-fired power plants (CFPP) (e.g.,
Bem et al., 2002; Charro et al., 2013a, b; Eisenbud and Petrow, 1964;
Flues et al., 2002; Lu et al., 2012; Papaefthymiou et al., 2013; Tani¢
etal., 2016). Furthermore, several studies on the impact of radionuclides
on urban soils in the vicinity of a coal-fired power plant in the town of
Ajka (Hungary) have been carried out (Papp et al., 2002; Papp and
Dezso, 2003; Zachary et al., 2015) following the usage of local U-rich
brown coal (Szabo, 1992). Most of these studies measured the radioac-
tivity of surface soils in the vicinity of the local CFPP.

During coal combustion, natural radionuclides concentrate in the
residual by-products, e.g. coal ash, resulting in activity concentrations
up to ten times greater than those in burnt coal (IAEA, 2003). A pro-
portion of this by-product (<100 pm grain size fraction) can easily be
emitted into the atmosphere from slag dumps, from where people are
exposed to through several transfer pathways in the biosphere
(UNSCEAR, 2010). Furthermore, slag dumps are potentially risky for
humans since they can increase natural background radiation levels. The
particles emitted from CFPP are capable of getting into dwellings, e.g.,
through open windows, cracks and vents, as well as being deposited
inside, especially in undisturbed attics as attic dust. Cizdziel and Hodge
(2000) concluded that undisturbed attics may act as archives of atmo-
spheric dust and should be researched by those interested in the accu-
mulation of atmospheric dust and/or in reconstructing exposure
histories.

Undisturbed archived attic dust as a long-term pollutant has been
used to monitor potentially toxic elements, e.g., Pb, Cd, As (Balabanova
et al., 2011, 2017; Cizdziel and Hodge, 2000; Davis and Gulson, 2005;
Gosar et al., 2006; Ilacqua et al., 2003; Painecur et al., 2022; Sajn, 2005;
Volgyesi et al., 2014a, 2014b) and polycyclic aromatic hydrocarbons
(Coronas et al., 2013; Wheeler et al., 2020) that are thought to have been
predominantly emitted from contamination sources into the ambient
environment. The analyses of radionuclides, e.g., '*Cs and 2*°Pu
(Cizdziel et al., 1998, 1999; Tserendorj et al., 2022a) have demonstrated
that attic dust accumulates and preserves valuable information about
the environment since it was only subjected to minor physical and
chemical alterations (Cizdziel and Hodge, 2000; Lioy et al., 2002).
Additionally, attic dust should also be regarded as a risk to human
health, particularly in areas where long-term pollution processes are
known to occur (Gabersek et al., 2022). However, since natural radio-
nuclides in attic dust have not been studied at all, it is necessary to es-
timate whether attic dust is a radiological concern over decades,
providing valuable radioactivity data compared to urban soils, which
are considered as disturbed (Richard et al., 2019) materials when
compared to attic dust.

Studies on the distribution of radionuclides in urban soils are
important in terms of human health and well-being. Given that urban
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areas, covered by soil, like parks and playgrounds are where residents
spend significant proportion of their recreation time, their investigation
is one of the most common means of estimating the risks of radiation
exposure resulting from population. The analysis of radionuclides in
urban, agricultural and forest soils (e.g., Charro et al., 2013b) is
important because of the bioresponsibility of soil as far as vegetation is
concerned.

The major goal of this study is to identify the possible impact of
radionuclide contamination resulting from former heavy industrial ac-
tivities, namely from coal-fired power plants, in urban soils and attic
dust in Salgétarjan. For that purpose, the elemental content of U, Th, K
and Cs and activity concentrations of three primordial radionuclides
(226Ra, 232Th and “°K) and one artificial radionuclide, which is a nuclear
fission product (137Cs), were determined in attic dust and urban soil
samples. Since this study is the first to determine the presence of natural
radionuclides in attic dust, it may provide new information about any
potential risks of and the pathway for radionuclide contamination
through urban areas.

2. Materials and methods
2.1. Study area

Salgétarjan was a major mining and industrial city, which played a
significant economic role in Hungary in the 19th and 20th centuries. The
population today is approximately 35,000. The city is located in the
northeastern part of Hungary encircled by the Karancs and Medves Hills
at 220-500 m above sea level covering a total area of 103 km? (Fi g.1)in
temperate continental climatic zone with variable weather conditions as
well as distinguishable cold and warm seasons in addition to an average
temperature of 8-9 °C (Bihari et al., 2018). The prevailing wind direc-
tion in the studied region is from the northwest with an average speed
between 0.002 and 14.77 ms (Tserendorj et al., 2022a). Rock for-
mations covering the study area are volcanic (basalt and andesite) lavas
and pyroclasts as well as sedimentary lithologies (mostly siliciclastic
sandstone). Brown coal from the Miocene in Salgétarjan embedded in
sedimentary rock formations provided a local energy source. Brown
forest soil is dominant in the wider region (Kercsmar et al., 2010).

Salgétarjan was founded centuries ago and brown coal was discov-
ered in the 1850’s. Consequently, mining as well as the iron and steel
industries commenced, moreover, the settlement began to grow rapidly,
which was also promoted by the construction of a railway line between
Salgétarjan and Budapest (Wirth et al., 2012). During the following
decades, approximately 17 million metric tons of brown coal was mined
supporting a significant amount of investment in the iron and steel in-
dustries, associated companies and the local CFPP (Wirth et al., 2012).
The city and its vicinity have been polluted as a consequence of coal
mining, by-products of the CFPP, iron and steel works, the manufacture
of mining machinery, glassworks, etc. Following this multi-industrial
activity, the residues of coal combustion, like coal ash, as well as of
steel and glass works, e.g., smelter and glass slag, were released into the
environment without regulation and accumulated in the city, i.e., at the
‘Pintértelep’ coal ash cone (Fig. S1. A), ‘Kucsord’ slag hill and ‘Indszé’
brown coal tailing (Fig. 1). In 1973, the CFPP was decommissioned since
local mining ceased due to the depletion of coal and its economic
unviability. After the political regime change in 1990, economic activity
decreased and heavy industry ceased, except for at the kitchen-stove
factory (Fig. 1). However, a huge amount of waste remained
throughout the city.

2.2. Sampling

Grid cells (1 x 1 km?) covering the residential areas of Salgétarjan
were sampled. From each grid cell, one sample of attic dust was
collected (Fig. 1; Table 1) by following the Euro-Geo-Surveys interna-
tional urban geochemical sampling protocol (Demetriades and Birke,
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2015). For this study, representative samples of urban soil were selected
no further than 500 m from the corresponding sampling sites of attic
dust. One sample of coal ash (CA) was collected from coal ash cone
(Pintértelep; Fig. S1. A) and brown forest soil (BFS) from the forest to the
northwest of the city (Fig. 1; Table 1) in August 2016.

2.2.1. Urban soil

A ‘zig-zag’ sampling technique (Alloway, 2013) was used where
randomly chosen urban soil sampling points were selected based on the
location of the desired 19 sampling sites, namely at the kindergarten (n
= 3), playground (n = 7), park (n = 4) and others (n = 5; i.e., at the
roadside, cemeteries and gardens) (Fig. 1; Table 1).

At each sampling point, 1-1.5 kg of disturbed soil was gathered from
the organic-rich urban-soil horizon at a depth of 0-15 cm using a steel
spade and steel hand auger before being mixed thoroughly to obtain a
bulk sample. Since all our selected sampling points (Fig. 1; Table 1) are
related to urban activities, the urban soil samples were considered to be
disturbed (Richard et al., 2019). During the sampling, zip-lock poly-
ethylene plastic bags (an effective means of transporting and storing
dust as well as preventing cross-contamination) and powder-free nitrile
skin-tight protective gloves made detailed work easier, waterproof and
chemically resistant. All relevant information, such as photographs, GPS
coordinates, land cover and soil types, the characteristics of the sur-
roundings, the local history of development, the landscape and land use
was recorded (Table 1).

2.2.2. Attic dust

Our attic dust sampling guidance protocol was primarily followed by
Volgyesi et al. (2014a), b, in which papers other experiences (Cizdziel
et al., 1998, 1999; Cizdziel and Hodge, 2000; Davis and Gulson, 2005;
Gosar et al., 2006) were compiled.

The samples of attic dust from 36 buildings were collected from
family houses (n = 27), churches (n = 4), kindergartens (n = 3) and
blockhouses (n = 2) (Fig. 1; Table 1). Samples were taken from buildings
built over 30 years ago where only a minimal amount of renovation had
been carried out in their roofspace. The location and characteristics of
each sampling site, that is, its type, year of construction, roof type,
sampling surface and building materials, as well as other potential
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factors like its proximity to the CFPP were documented (Table 1). Dust
away from the entrance to the attic and at the highest possible point of
the ceiling was collected to minimize any possible disturbance as a result
of residential activities as well as meet the expectations of undisturbed
samples. The attic floor was not sampled, neither was organic material
nor the remains of insects (Volgyesi et al., 2014a). Between 2 and 20 g of
attic dust composed of 3-5 subsamples depending on the conditions
were collected in polyethylene plastic bags using disposable fine brushes
and nitrile protective gloves.

2.3. Sample processing for analysis

The samples of attic dust and urban soil were stored at room tem-
perature until being processed for further analysis. According to Ala-
kangas (2015), the ‘coning and quartering’ homogenization method was
applied to ensure that a given amount of each sample is representive of
its entirety. For the purpose of elemental analysis, all the samples of attic
dust and urban soil, including brown forest soil and coal ash, were dried
at 60 °C and sieved through a 0.180 mm mesh sieve. Additionally, the
samples were pulverized by mild steel. The sample of coal ash was
crushed, 70% of which was sieved through a 2 mm mesh sieve before
being pulverized and 85% of this fraction sieved through a 0.075 mm
mesh sieve. All pulverization and crushing techniques for the samples of
urban soil, brown forest soil and coal ash were conducted at the Bureau
Veritas Minerals Laboratories in Vancouver, Canada.

Regarding gamma spectrometric analysis, the samples of attic dust
were sieved through a <0.125 mm mesh sieve to remove any agglom-
erated organic material (Cizdziel and Hodge, 2000; Ilacqua et al., 2003;
Volgyesi et al., 2014a). The samples of urban soil, including brown
forest soil and coal ash, were sieved through a <2.0 mm mesh sieve in
line with studies undertaken on similar soils in Spain and Serbia (Charro
et al., 2013a; Tanic et al., 2016). The samples were prepared in the
Lithosphere Fluid Research Lab at E6tvos Lorand University in Budapest,
Hungary.

2.3.1. ICP-MS elemental analysis
The content of U, Th and Cs (mg kg’l) as well as K (m/m %) were
determined in 57 urban geochemical samples, namely 36 of attic dust,
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Fig. 1. The study area in Salgdtarjan, including sampling sites (attic dust, urban soil, brown forest soil and coal ash (CA)), location of the coal-fired power plant
(CFPP) and slag dumps I, IT and III (I - Kucsord Hill; II - former brown coal mine in Inaszo; III - coal ash cone in Pintértelep). The residential area is marked by a
contoured irregularly banded striped line. A topographic shaded relief image with contour lines denoting the elevation is overlaid. Local creeks (Tarjan, Salgé and
Zagyva) are indicated in blue. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)



Table 1

The elemental and activity concentrations of attic dust (n = 36), urban soil (n = 19), brown forest soil (n = 1) and coal ash (n = 1) samples as well as the categories of the sampling sites and their locations (x, y), elevation
(m), types of housing and distance (km) from the coal-fired power plant (CFPP). Note that the locations of attic dust (x, y), elevation (m), types of housing and*®’Cs activity concentrations have already been published by
Tserendorj et al. (2022a).

Location Activity concentration (Bq kg™') Elemental concentration of U, Th, Category of Characteristics Distance
Cs (mg kg™1) and K (m/m %) sampling sites from CFPP
X Y Elevation, 226Ra 232Th 40g 137¢cs U Th Th/U K Cs Year of Roof Sampling surface m (*1000)
m! construction type

Attic dust (n = 36)

STNO1AD 2205477 6124930 310 36.7 + 29.4 + 437.3 + 15.9 + 21 22 1.05 0.4 1.0 Church 1936 Metal Concrete beam 3.7
3.5 6.4 28.6 1.1

STNO2AD 2204815 6123910 324 39.8 + 312+ 442.5 + 13.0 £ 2.1 4.5 2.14 0.3 1.4 Church 1914 Tile Fiberglass 4.4
3.3 6.0 29.4 1.3 envelope

STNO3AD 2205749 6124438 309 35.8 + 23.5 + 658.7 + 91.7 + 34 3.0 0.88 1.0 2.0 Family house 1957 Tile Wooden beam 3.7
6.9 6.6 55.0 6.0

STNO4AD 2204534 6122799 270 23.3+ 24.6 + 309.2 + 57.8 £ 1.4 3.1 2.21 0.2 1.4 Kindergarten 1980 Slate Concrete and 4.8
2.7 5.3 21.7 3.1 and tile wooden beam

STNO5AD 2201621 6122238 254 42.9 + 37.4 + 518.5 + 49.6 + 29 37 1.28 0.6 2.1 Kindergarten 1990 Tile Wooden beam 4.3
4.2 6.9 34.1 3.1

STNO6AD 2204602 6127185 267 44.0 + 29.1 + 529.3 + 162.3 29 27 0.93 0.6 2.5 Family house 1960 Tile Wooden beam 4.5
5.4 8.7 40.9 +8.8

STNO7AD 2204855 6126365 273 33.7 £ 27.8 £ 511.4 + 104.1 2.0 2.5 1.25 0.4 1.6 Family house 1944 Tile Wooden beam 4.3
5.2 7.1 42.4 + 6.2

STNOSAD 2210734 6127634 351 71.0 + 49.9 + 546.5 + 126.5 35 56 1.60 0.5 2.2  Kindergarten 1960 Slate Wooden beam 1.3
5.4 8.1 35.9 +71

STNO9AD 2210308 6128102 349 20.5 £ 25.4 + 513.9 + 101.5 2.5 3.4 1.36 0.5 1.6 Family house 1961 Slate Wooden beam 1.8
4.7 12.1 41.6 +5.6

STN10AD 2203028 6125036 287 22.0 + 15.5 + 422.2 + 5.5+ 1.0 21 2.10 0.2 1.1 Family house 1980 Slate Wooden beam 5.4
2.6 5.8 27.3 0.9

STN12AD 2207059 6125216 307 16.4 + 24.7 + 486.2 + 35.4 + 1.9 29 1.53 0.8 1.3  Family house 1890 Slate Wooden beam 2.7
4.0 9.5 37.3 2.5

STN13AD 2202467 6119246 233 349 + 32.0 + 487.5 + 54.8 + 1.8 38 2.11 0.3 1.0 Family house 1965 Slate Wooden beam 7.2
3.5 6.8 33.5 3.4

STN14AD 2206280 6125594 275 16.7 + 19.6 + 501.5 + 115.8 20 33 1.65 0.7 1.5 Blockhouse 1950 Slate Wooden beam 3.3
4.1 9.0 38.8 +6.7

STN15AD 2205184 6122957 308 <dl 8.0 £ 368.1 + 36.7 £ 4.1 1.3 0.32 0.7 2.1 Blockhouse 1965* Tile Wooden beam 4.4

2.6 34.1 2.7 and metal timber

STN16AD 2210836 6126935 337 21.3 + 21.7 + 391.3 + 93.9 + 25 3.6 1.44 0.6 2.1  Family house 1970 Slate Wooden beam 0.9
2.8 6.5 26.6 5.3

STN17AD 2214330 6127551 495 91.6 + 61.0 + 621.7 + 169.8 27 50 1.85 0.4 1.8  Family house 1922 Tile Wooden beam 2.4
6.4 9.6 43.3 +8.8

STN18AD 2211109 6125522 314 145.6 83.9 + 708.2 + 35.7 + 48 88 1.83 0.6 3.3  Family house 1970 Slate Wooden beam 0.1
+8.3 8.0 41.4 2.2

STN20AD 2212946 6128359 507 50.3 + 20.1 + 427.7 + 123.4 1.5 1.8 1.20 0.4 1.5 Family house 1960 Slate Wooden beam 2.2
8.2 5.5 55.6 +7.6 and tile

STN21AD 2207291 6125248 305 56.0 + 47.1 + 533.5 + 41.8 £ 2.9 4.8 1.66 0.4 2.0 Family house 1916 Tile Wooden beam 2.5
4.3 6.5 34.5 2.6

STN24AD 2205113 6127722 276 179 + 21.8 + 522.8 + 100.5 1.4 27 1.93 0.3 1.3  Family house 1970 Slate Wooden beam 4.2
3.3 8.2 37.7 +5.6

STN25AD 2210931 6130914 492 31.0 + 37.1 + 568.6 + 159.6 20 34 1.70 0.6 0.9 Church 1930 Metal Wooden beam 3.4
4.5 8.9 41.2 +8.4

STN26AD 2210963 6131022 496 21.8 £ 245 + 395.6 + 41.3 £ 1.6 3.8 2.38 0.5 0.9 Family house 1920 Metal Wooden beam 3.6
2.4 5.0 25.7 2.2

STN27AD 2206333 6126840 331 18.1 + 16.3 + 537.6 + 90.3 + 24 18 0.75 1.2 1.8 Family house 1940 Tile Wooden beam 3.3
3.4 5.3 38.2 5.2

(continued on next page)
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Table 1 (continued)

‘D 32 [10pudtas, ‘q

Location Activity concentration (Bq kg’l) Elemental concentration of U, Th, Category of Characteristics Distance
Cs (mg kg™1) and K (m/m %) sampling sites from CFPP
X Y Elevation, 226Ra 2321 40K 137¢s U Th Th/U K Cs Year of Roof Sampling surface m (*1000)
m! construction type

STN28AD 2201138 6123143 275 12.0 + 24.5 + 524.6 + 51.0 + 22 33 1.50 0.5 1.3 Church 1934+* Slate Wooden beam 6.9
6.0 7.6 385 3.3

STN29AD 2202141 6121341 245 15.7 + 18.8 + 417.6 £ 117.8 1.7 3.0 1.76 0.4 1.4 Family house 1936 Tile Wooden beam 6.6
5.3 7.4 30.3 + 6.6

STN30AD 2200930 6120839 253 38.7 + 28.7 + 477.4 + 70.7 + 21 3.0 1.43 0.5 1.4  Family house 1950 Slate Wooden beam 7.5
5.4 9.2 38.8 4.5

STN31AD 2205184 6121852 267 85.5 + 47.0 + 607.7 £ 77.1 + 22 41 1.86 0.4 1.5 Family house 1910 Slate Wooden beam 4.7
7.4 13.1 49.9 5.1 and

wood

STN32AD 2206954 6121042 412 925+ 42.8 + 563.6 + 165.8 2.4 2.4 1.00 0.4 1.9 Family house 1900 Tile Wooden beam 3.0
7.8 12.4 45.8 + 8.9

STN33AD 2205060 6120675 299 13.6 £ 21.2 + 411.4 + 137.8 19 22 1.16 0.5 1.8  Family house 1955 Tile Wooden beam 5.2
3.8 9.4 35.2 +79

STN34AD 2201280 6119441 261 42.8 + 30.3 + 514.6 + 169.3 20 22 1.10 0.6 1.5  Family house 1936 Tile Wooden beam 7.8
6.5 13.6 48.9 +9.4

STN35AD 2209100 6126310 306 143.5 94.3 + 649.9 + 41.6 + 56 105 1.88 0.6 3.2  Family house 1946 Slate Wooden beam 1.4
+8.1 9.6 43.2 2.5

STN36AD 2209873 6126154 306 63.5 + 63.1 + 649.8 + 87.3 + 3.6 6.0 1.67 0.6 2.4  Family house 1940 Tile Wooden beam 0.9
5.9 11.2 47.8 5.0

STN37AD 2203389 6122568 253 69.2 + 44.1 + 559.9 + 124.7 3.2 40 1.25 0.5 1.7  Family house 1961 Tile Wooden beam 5.6
5.2 7.8 38.2 +6.5

STN38AD 2203483 6121767 245 353+ 39.0 + 510.0 + 73.9 + 1.7 35 2.06 0.3 1.4  Family house 1880 Tile and Wooden beam 5.7
3.5 7.8 36.0 4.3 wood

STN39AD 2202896 6118359 237 32.6 + 32.6 + 530.0 + 93.6 + 1.5 26 1.73 0.4 1.2  Family house 1880*** Tile Wooden beam 7.3
3.4 6.7 33.8 5.0

STN40AD 2202031 6117952 230 27.2 + 27.7 £ 1382.3 + 149.0 2.2 1.7 0.77 2.7 1.4 Family house 19647 *** Tile Wooden beam 8.0
4.0 8.4 77.6 +77

Year of renovation of house: *2006; ** 2013; ***1984; ****1991; dl: detection limit; 0.9 Bq kg;’1 m 1 - house height is added to elevation, m.
Urban soil (n = 19)

STNO6US 2201685 6122038 244 18.2 + 21.7 + 357.8 + 4.7 £ 09 44 4.89 0.2 1.0 Kindergarten 6.5
1.2 2.4 8.0 0.4

STNO9US 2204580 6127284 265 36.2 + 48.8 + 4129 + 6.3 £ 1.8 5.4 3.00 0.3 1.9 Park 4.4
1.5 3.6 8.8 0.5

STN11US 2210741 6128060 356 19.7 + 28.0 = 391.9 + 6.5 £ 0.7 34 4.86 0.3 1.3 Park . 1.7
1.3 2.5 8.1 0.5

STN12US 2210769 6127625 340 21.3 + 26.5 + 363.7 + 7.4+ 0.8 29 3.63 0.2 1.0 Kindergarten 1.5
1.4 3.9 9.0 0.3

STN13US 2203061 6125110 281 27.2 + 42.8 + 447.7 £ 3.1+ 0.8 6.2 7.75 0.4 1.7 Kindergarten 5.4
1.3 3.0 8.4 0.4

STN15US 2204580 6124278 245 15.0 £ 25.0 + 403.0 £ 2.7 £ 09 36 4.00 0.2 1.2  Playground 4.4
1.3 3.5 8.4 0.5

STN16US 2206684 6124811 297 33.2 + 35.6 + 347.5 + 2.7 + 1.2 45 3.75 0.3 1.3  Playground 2.9
1.9 6.0 10.6 0.7

STN19US 2214540 6127535 492 24.8 + 38.8 + 404.3 £ 13.6 £ 1.8 3.9 2.17 0.3 1.1 Park 2.8
1.4 2.9 8.7 0.6

STN20US 2213437 6127905 540 30.4 + 40.5 + 428.5 £ 17.3 £ 1.2 33 2.75 0.2 1.0 Playground 2.2
1.6 5.0 10.7 0.4

STN21US 2211549 6125012 377 33.7 = 34.0 = 344.8 + 7.8 £ 1.5 3.7 2.47 0.3 1.2 Others (roadside) 0.5
1.4 3.9 9.2 0.3

STN22US 2208343 6126379 394 24.5 + 26.9 + 355.7 + 1.1+ 0.8 46 5.75 0.3 1.2 Others (roadside) 1.8
2.8 0.7 7.2 0.2

(continued on next page)
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Table 1 (continued)

Activity concentration (Bq kg 1)

Distance

Characteristics

Category of

Elemental concentration of U, Th,
Cs (mg kg™!) and K (m/m %)

Location

from CFPP

sampling sites

Sampling surface m (*1000)

Roof
type

Year of

K Cs

40 137¢s U Th Th/U

232Th

226Ra

Elevation,

construction

1

m

3.6

Playground

4.3 3.58 0.2 1.1

1.2

4.6 +
0.4

373.2 +
7.5

189 +
2.3

17.7 £
1.2

482

6130849

2210832

STN23US

7.2

391.4 + 23+ 1.1 4.3 3.91 0.3 1.1 Playground

7.0

26.3 +
21

17.0 £
1.0

232

6119873

2201596

STN25US

0.4

3.8

2.8 2.80 0.3 0.9 Playground

1.0

12.8 +
0.5

349 + 397.6 +
7.3

2.3

21.1 +
1.2

400

6121173

2207146

STN28US

1.1

23 538 2.52 0.4 1.8 Playground

+

385.4 + 4.3

7.7

46.0 +
2.6

383 +
1.4

293

6126021

2209527

STN29US

0.5

2.2

Others (garden)

355.5 + 0.7 £ 08 3.2 4.00 0.3 1.0
10.3

22.3 +
0.6

26.4 +
3.3

331

6127451

2208334

STN31US

0.2

2.7

5.4 4.15 0.3 1.2 Park

1.3

1.6 £
0.8

398.6 +
11.9

37.0 +

7.4

27.2 +
2.0

274

6126439

2206997

STN32US

5.6

Others (roadside)

28.1 + 409.8 + 35+ 1.0 46 4.60 0.3 1.1
3.7 9.0

21.3 +
1.4

245

6120914

2203747

STN34US

0.5

7.8

Others

1.2

0.6 6.5 10.83 0.2

3.5+
0.4

371.8 +
6.9

231 239 + 41.4 +
1.1 2.4

6117791

2202135

STN36US

(cemetery)

0.2

8.1

2.1 Undisturbed soil

3.00

3.0

1.0

18.4 +
0.6

318.8 +

9.0

15.7 £
2.3

14.1 +
1.3

6131104 249

2200292

Brown forest

soil (BFS)

0.5

Production of

2.7
CFPP

6.3 128 2.03 0.5

0.09 +
0.4

414.4 +
8.9

69.5 +
3.3

91.1 +
1.7

351

6125749

2210737

Coal ash (CA)

CFPP - Coal-fired power plant.
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19 of urban soils, 1 of brown forest soil (BFS) and 1 of coal ash (CA)
(Fig. 1; Table 1). For this purpose, single quadrupole inductively coupled
plasma mass spectrometry (ICP-MS) was applied. Each sample was dried
and pulverized by following the aforementioned preparation methods.
After each homogenization, ~1 g of attic dust or 15 g of urban soil
samples were digested in modified aqua regia (1:1:1 - HNOs: HCl: Hy0)
at 95 °C for 1 h until the soil solution had been completely digested
(Reimann et al., 2009) in the Bureau Veritas Minerals Laboratories in
Vancouver, Canada. The analytical quality was controlled using certified
reference material STD DS11 for U, Th and Cs (mg kg’l) and K (m/m %).
The analyzed (average) and expected elemental content for STD DS11
are 2.70 and 2.59 mg kg ! for U (% recovery: 104.2), 7.60 and 7.65 mg
kg~! for Th (% recovery: 99.3), 2.72 and 2.88 mg kg~! for Cs (% re-
covery: 94.4) as well as 0.40 and 0.40 m/m % for K (% recovery: 100),
respectively.

2.3.2. Gamma spectrometric analysis

For urban soils, on average 100-150 g of the homogenized samples
(urban soil, brown forest soil and coal ash) was placed in a special
theoretically radon-leakage-free sample container made of HDPE
because this material has advantageous mechanical and radon-
permeability characteristics (Kis et al., 2013). Measurements were
taken in a DOME' low-background counting chamber at the Nuclear
Analysis and Radiography Department at the Centre for Energy
Research, Hungary. The n-type HPGe detector (Type: Canberra GR1319)
had a relative efficiency of 13%, whereas the energy resolution (FWHM)
was 1.53 and 1.99 keV at 662 and 1332 keV, respectively.

The samples of attic dust were placed in closed cylindrical poly-
ethylene plastic vials, while keeping the sample height constant at 1.7
mm and varying the mass (mean 1.77 + 0.48 g). The prepared samples
were placed in a well-type HPGe detector with a hole of 14 mm in
diameter and 40 mm in depth. The active volume of the detector is 300
em®. A Canberra GCW 6023 well-type HPGe detector was used with a
relative efficiency of 62.8%, a full width at half maximum (FWHM) of
1.39 keV at 122 keV (*Co) and 2.13 keV at 1332 keV (®°Co) as well as a
peak/Compton ratio of 63.3/1. The detector was placed in a low-
background counting chamber with a 30 cm thick pre-WWII iron
shield composed of Cu to reduce interference from natural background
radiation. Measurements were carried out at the Nuclear Security
Department at the Centre for Energy Research, Hungary. To determine
the concentrations of natural long-lived radionuclides in a low activity
of samples, e.g., sediment cores and atmospheric aerosols, a well-type
HPGe detector was developed by Barba-Lobo et al. (2021). In y-spec-
trometric measurements, large amounts of material are usually used
(approximately up to 1000 g). However, a well-type HPGe detector is
ideal for small amounts of environmental samples as it combines a low
background radiation limit with a high detection efficiency due to the 4n
solid angle as well as shorter counting times (Canberra, 2000; Laborie
et al., 2000), which was used in the present study.

All the samples were placed in the holder at least one month before
measurements were taken to reach secular equilibrium between 22°Ra
and its progenies. Gamma spectrometric measurements were performed
over live times varying between 86,400 and 604,800 s. Analyses were
carried out using FitzPeaks (Version 3.71) software. The activity con-
centrations were determined for the following set of radionuclides (the
selected gamma lines appear in brackets): 137¢s (661.9 keV), 40g
(1460.8 keV), 2*2Th (238.6 keV of *!?Pb; 583 keV of 2%®Tl; 727 keV of
212Bj and 911 keV of **®Ac) and ?**Ra (295.2 and 351.9 keV of >'“Pb) as
well as the decay series of 2*8U. To determine the distribution of back-
ground radiation in the environment around the detector, an empty
container of the same geometry was counted using the same method as
the samples. The background spectra were used to correct the net peak
area of y-rays produced by the measured isotopes. The level of precision,

! The Hungarian acronym of “Extremely Heavy Measurement Instrument’.
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obtained by analysing field duplicates, differed by less than 10% as
measured by the ratio of the average RMSE (root mean square error). All
the results regarding the reduction in the '*7Cs activity concentrations
were corrected according to the sampling date of August 2016 (sampling
time).

The quality control sample, which was measured and evaluated
along with the real samples, was made of moss-soil (reference material
IAEA-447). The activity concentrations of this radionuclide found in the
samples of attic dust and urban soil were considered in a standard
procedure, i.e. using the total net counts under the photopeak, the
measured photopeak efficiency, gamma-ray intensity and mass of the
sample in grams. The minimum detectable activity of each radionuclide
was obtained following the method applied by Currie (2004).

2.4. Statistical analysis

To obtain an overview of the data, descriptive statistics were calcu-
lated and presented on box and whisker plots (e.g., Kovacs et al., 2012).
The outlying values were determined according to the inner-fence
criteria (Tukey, 1977).

For an in-depth analysis and comparison of the attic dust and urban
soil samples, first the data was tested for normal distribution using the
Shapiro-Wilk test (Shapiro and Wilk, 1965) since the sample size was
rather low (n < 50) (Ghasemi and Zahediasl, 2012; Reimann et al.,
2008) (Table 2). To test the similarity between the median activity
concentrations (226Ra, 232Th, 40K and ¥7Cs in Bq kg’l) of the measured
radionuclides in the samples of attic dust and urban soil, the Wilcoxon
Mann-Whitney homogeneity test (Mann and Whitney, 1947) was used.
The linear relationship between radionuclides, regardless of their origin,
was explored using the non-parametric Spearman’s correlation (Schober
and Schwarte, 2018). The effect of predictors, namely the distance from
(km) and elevation above (m) the coal-fired power plant, as well as of
the measured radionuclide activities was assessed using bivariate least
squares regression analysis (Reimann et al., 2008) with the relationship
regarded as significant at p < 0.05.

To obtain a representative interpolated map of the measured radio-
nuclide activities, geostatistical analysis was conducted (Webster and
Oliver, 2007). For each radionuclide, variogram was used as a tool to
describe the spatial autocorrelation structure of the radionuclides and
obtain the weights necessary to predict their values in surrounding
unsampled areas using kriging (e.g., Hatvani et al., 2017). Specifically,
empirical semivariograms were calculated on which theoretical ones
were fitted using least squares fitting and the Matheron algorithm
(Matheron and Marie, 1965). Next, ordinary point kriging was used to
obtain the interpolated maps (Cressie, 1990). Inverse distance weighting
(Lu and Wong, 2008) was performed to obtain an interpolated map of
40K, All the ranges of coordinates reported in the study area are planar
distances in km (EPSG: 3857). All computations were done in IBM SPSS
25.0, STATIGRAPH, whereas geostatistical mapping was carried out

Table 2
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using Golden Software 15.3 and GS +10.

2.5. Radiological assessment

Possible health effects, due to external exposure to natural gamma
radiation, were estimated based on the obtained results for the radio-
nuclide activities of 22°Ra, 22Th, *°K and '*’Cs (Bq kg™!) in the samples
of urban soil since the upper layer of urban soil is considered to
contribute towards the external gamma radiation. To assess the risk the
population residing near to the CFPP and slag dumps are exposed to
(Fig. 1), the total absorbed gamma dose rate (D) (nGy h’l) [Eq. (1)] and
annual effective dose (E) (mSv y’l) were calculated for the samples of
urban soil. Although the total absorbed gamma dose rate (D) calculation
is for extended materials, e.g., building materials, as an estimation, it
was calculated for the samples of attic dust and coal ash too.

The total absorbed gamma dose rate (D) (nGy h_l) in the air 1 m
above ground level was estimated using Eq. (1) provided by the
UNSCEAR 2008 Report (UNSCEAR, 2010). The equation was modified
to include the contributions of the artificial radionuclide %’Cs. The
given dose coefficient of 1¥’Cs is 0.124 nGy h™! according to Antovic
et al. (2012). These factors are representative of the absorbed dose rates
in air per unit activity per unit of sample mass.

D (nGy h™') =0.462(**Ra) + 0.604(**Th) +0.0417(*K) + 0.124("'Cs)
(1]

The annual effective dose (E) (mSv y’l) was calculated using a
conversion factor of 0.7 (Sv Gy’l) to convert the absorbed dose in air (D)
(nGy h™1) into the effective dose rate of environmental gamma radiation
that adults are exposed to by taking into account the outdoor occupancy
factor (fraction of time spent outdoors) of 0.2, that is, 8760 h y’l,
proposed by the UNSCEAR, 2010. Accordingly, the annual effective dose
(E) was calculated by Eq. (2):

E (mSVy’l) =D (nGy h’l) * 8760 (h y’l) * 0.2 % 0.7 (Sv Gy’l)
* 107 [2]

3. Results and discussion

3.1. Elemental concentration of U, Th, K and Cs in urban soil and attic
dust

In urban soil, content ranges of U (mg kg 1), Th (mg kg 1) and K (m/
m %) varied from 0.6 to 2.3 (mean: 1.1), 2.8 to 6.5 (mean: 4.4) and 0.2 to
0.4 (mean: 0.3), respectively, which are higher than those of brown
forest soil, namely 1.0 to 3.0 and 0.2, respectively (Fig. 2A-C; Table S1).
However, in the attic dust, the content of U (1.0-5.6; mean: 2.4 mg
kg’l), K (0.2-2.7; mean: 0.6 m/m %) and Cs (0.9-3.3; mean: 1.7 mg
kg~ 1) were higher than in the samples of urban soil and brown forest soil
(Fig. 2A, C and D; Table S1). In contrast, lower mean value was obtained

Summary statistics of the activity concentrations (Bq kg~!) of 2?°Ra, 232Th, *“°K and '*"Cs in samples of attic dust (n = 36) and urban soils (n = 19) from Salgétarjan.

Mean Median St.dev. Min. Max. Mann-Whitney (Wilcoxon) test® Shapiro — Wilk normality test”

22°Ra Attic dust 433+ 4.6 35.1 33.8 12.0 + 6.0° 145.6 + 4.3 0.03 0.00

Urban soil 252+ 1.6 24.5 6.8 15.0 + 1.3 383+1.4 0.47*
22Th Attic dust 34.0 + 18.7 28.9 18.2 8.0 + 9.0 94.3+9.6 0.52 0.00

Urban soil 33.0 + 3.2 34 8.7 189+ 2.3 48.8 + 3.6 0.53*
4K Attic dust 534.4 + 39.1 516.6 169.6 309.2 + 21.7 1382.3 + 76.6 0.00 0.00

Urban soil 386.4 + 8.6 391.5 28.4 344.8 +9.2 447.8 + 8.4 0.98*
137¢s Attic dust 88.5+ 5.1 91 47.9 5.5+ 0.9 169.8 + 2.9 0.00 0.18*

Urban soil 6.0 + 0.4 4.3 4.5 0.7 +0.2 17.3 + 0.4 0.00

@ Reject the null hypothesis for alpha >0.05, bolded values show that the medians area significantly different.
b p significance values are greater than >0.05, bolded data are normally distributed* Shapiro-Wilk normality tests.

Brown forest soil (BFS) and coal ash (CA) are not included in this table.

°Note that among the??°Ra activity concentrations there was one sample below the detection limit (Bq kg™!).
¢ Note that among the®?°Ra activity concentrations there was one sample below the detection limit (Bq kg™1).
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Fig. 2. Box and whisker plot of the elemental concentration of U, Th and Cs in mg kg™

! and of K in m/m % in 36 attic dust and 19 urban soil samples from Sal-

gotarjan. Brown forest soil (BFS) and coal ash (CA) samples are denoted by vertical brown and grey lines, respectively. (For interpretation of the references to color in

this figure legend, the reader is referred to the Web version of this article.)

for Th in attic dust (3.6 mg kg™!) than that in urban soil (4.4 mg kg™),
except for two outlying attic dust samples, that is, STN18AD - family
house: 8.8 and STN35AD — family house: 10.5 mg kg ! (Fig. 2B; Tables 1
and S1). The content of U, Th and Cs in coal ash (6.3, 12.8 and 2.7 mg
kg™!, respectively) are higher than those in the samples of attic dust,
urban soil and brown forest soil (Fig. 2 A, B and D; Table 1). However,
the K content in coal ash is lower (0.5 m/m %) than the mean value in
attic dust and higher than that in urban soil (Fig. 2C; Table 1).

The U-Th-K triplot graphically depicts the ratios of these three ele-
ments in different media (Fig. 3). Variations in the U-Th-K triplot in the
studied samples show a close relationship between the U and Th content,
creating a closed cluster along the U-Th axis with that of U gradually

Salgétarjan

Th
) @ Median Upper continental
@ Attic dust crust (UCC) Rudnik & Gao, 2004
OuUrban soil @ Median European topsoil (ETS)
@ Brown forest soil Salminen et al., 2005
@ Coal ash @ Barapukuria surface soil samples,

Bangladesh (mean value),
Habib et al., 2019

40

20

U 80 60 40 20 K

Fig. 3. Variation in U-Th-K content in Salgétarjan urban soil (white circle),
attic dust (black circle), brown forest soil (brown circle) and coal ash (grey
circle) samples. Values of U and Th (mg kg’l) as well as K (m/m %) were
normalized to 100. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

increasing when comparing the Th content of attic dust samples with
urban soil ones (Fig. 3). Local samples of coal ash and brown forest soil
also fell into this cluster (Fig. 3). The former fell within the field of attic
dust samples in the vicinity of the two outlying attic dust samples,
namely STN18AD - family house and STN35AD - family house (Figs. 1
and 2A; Table 1), close to the three outlying U urban soil ones, that is,
STN29US - playground, STN19US — park and STNO9US - park (Figs. 1,
2A, 3; Table 1). Although the brown forest soil fell within the range of
the urban soil samples (Fig. 3; Table 1), the two samples of urban soil
containing the highest Th content, namely STN13US - kindergarten: 6.2
mg kg~ ! and STN36US - others (cemetery): 6.5 mg kg™! (Figs. 1, 2B, 3;
Table 1), exhibit the lowest U content, revealing the geochemical nature
of U during chemical weathering in an oxidative environment. Under
these circumstances, U% is highly soluble and can be leached out from
the urban soil (Salminen et al., 2005). In contrast, Th (in the form of
Th*") remains immobile (Salminen et al., 2005) in resistant minerals
like zircon in urban soil or is adsorbed onto the surface of clay minerals
and organic substances (Cinelli et al., 2019). This alteration mechanism
is an important factor in terms of the U-Th distribution in urban soils in
Salgdtarjan causing a general U loss, except for in sample STN29US -
playground (Figs. 1, 2A, 3; Table 1). Uranium enrichment in this urban
soil sample probably derived from the continuous supply of U-Th over
several decades from the local coal ash cone, since this sampling site is
1100 m away from the coal ash cone (Fig. 1; S1-A), which is a clear
indication of the local pollution source. Additionally, the distribution of
the upper continental crust (UCC) and European topsoil (ETS) values
(Rudnick and Gao, 2004; Salminen et al., 2005) along with three
outlying samples of attic dust, namely STN15AD - blockhouse,
STN27AD - family house and STN40AD - family house (Fig. 3), are
distinguishable due to their particular compositions. The K0 content of
attic dust sample STN40AD - family house is significantly elevated, even
compared to UCC and ETS (Fig. 3; Table S1). The residents in this house
stored K-fertilizer in their attic or other unknown anthropogenic sources
which could increase K levels. The outlier, that is, STN27AD - family
house, exhibits the second lowest Th/U ratio (0.75; Table 1) in the
studied area. Similarly, a low Th/U ratio is characteristic of the attic dust
in the samples of STNO3AD - family house and STNO6AD - family house
collected in the vicinity of one of the slag dumps called Kucsord Hill
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(Fig. 1). Moreover, attic dust from STN15AD - blockhouse shows the
lowest Th/U ratio (0.32) and an elevated U content (4.1 mg kg_l),
strongly distorting the observed relationship between U and Th in this
sample (Fig. 3, S2-A; Table 1). This unusual sample of attic dust derived
from a two-storey attic whose roof was renovated, i.e., the roof tiles were
changed, in 2006 (Table 1). Therefore, the accumulation time of the
attic dust was only approximately 12 years since the environment
changed, during which time the majority of the industrial factories had
already been shut down. Consequently, this sampling site provided one
of the smallest amounts of attic dust collected in Salgdtarjan (~3 g) with
a highly elevated U content derived from an unknown source. It should
be noted, however, that structure composed of metal timber was
observed (Table 1) in the attic, which is an unusual occurrence in the
study area (Figs. S2-C).

Studies on the chemical compositions of soils in the vicinity of a
CFPP from Bangladesh have already been published (Habib et al., 2019),
from where the authors reported 4-9 times higher U and 5-7 times higher
Th content in their soil samples than in those from samples of urban soils
and attic dust in Salgétarjan, respectively (Fig. 3). Significant differences
in the U and Th content between urban soils from Salgétarjan and
Bangladesh can be explained by the differences in the chemical
composition between the coal ash present in both areas in the urban
soils.

The highest concentrations of U (6.3 mg kg ™) and Th (12.8 mg kg 1)
occur in the coal ash sample in Salgétarjan (Fig. 2; Table 1), supporting
that by-products from the CFPP are significant sources of U and Th
enrichment in the studied samples, similarly to studies published from
other countries e.g., Lauer et al. (2015); Llorens, 2001. However, it
should be noted that only one coal ash sample was studied in Sal-
gotarjan, the U and Th concentrations of which are lower than those
from Poland (Silesia: 20.7 and 13.6 mg kg~! as well as Lublin: 17.2 and
18.2 mg kg~ !, respectively; Parzentny and Rég, 2019), Spain (22.9 and
22.1 mg kg ™}, respectively; Llorens, 2001), Turkey (34 and 22 mg kg™,
respectively; Finkelman, 1993); China (<51.9 and < 50 mg kg,
respectively; Dai et al., 2014) and Bangladesh (26.6 and 65.1 mg kg™,
respectively; Habib et al., 2019). These data on coal ash samples are
indicative of significance differences in the local geology, including the
age of mined coal and physical (particularly meteorological) conditions,

A.

Attic dust

Urban soil -+
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as well as the operational technology of the power plant and repository
methods of by-products discussed below.

3.2, Activity concentrations of the radionuclides °Ra, 2*2Th, *°K and
137,
Cs

3.2.1. Urban soil

The activity concentrations of 22°Ra, 232Th, “°K and '%’Cs (in Bq
kg~ 1) in the samples of urban soil from Salgétarjan vary from 15.0 + 1.3
to 38.3 + 1.4 (mean: 25.2 & 1.6), 18.9 + 2.3 to 48.8 + 3.6 (mean: 32.8
+ 3.2), 344.8 + 9.2 to 447.8 + 8.4 (mean: 386.4 + 8.6) and 0.7 + 0.2 to
17.3 + 0.4 (mean: 5.6 + 0.4), respectively (Fig. 4; Tables 1-2). The only
one outlier in the urban soil datasets is the '*’Cs value 17.3 + 0.4
(STN20US - playground).

All of the studied urban soil samples exhibit higher 22°Ra, 2*2Th and
40K concentrations than the one of brown forest soil (BFS) (14.1 + 1.3,
15.7 + 2.3 and 318.8 + 9.0, respectively), whereas all of them contain
lower '¥7Cs concentrations than the BFS sample (18.4 + 0.6) (Figs. 1,
4A-D; Table 1). Hence the local brown forest soil is considered to be a
significant natural geogenic contribution to the studied urban soil
samples.

Three urban soil samples, namely STN29US from a playground,
STNO9US from a park and STN21US from others (roadside) (Fig. 1),
exhibit the highest ?°Ra (38.3 + 1.4, 36.2 + 1.5 and 33.7 + 1.4,
respectively) and 2>2Th (46.0 + 2.6, 48.8 + 3.6 and 34.0 + 3.9 Bq kg,
respectively) concentrations among the urban soils (Fig. 5; Table 1).
Urban soil STNO9 - park (which also exhibits an elevated elemental Th
concentration (Figs. 4-5; Tables 1-2) is close to one of the largest slag
dumps in the city called Kucsord Hill (Fig. 1), moreover, STN21US —
others (roadside) and STN29US - playground are of closest to the CFPP,
suggesting the coal ash has a significant contribution to the studied
urban soils discussed later.

The 225Ra-232Th-*K triplot graphically depicts the ratios of these
three radionuclides in different media (in the studied urban soil, brown
forest soil, attic dust and coal ash) (Fig. 5). For the purpose of a com-
parison, the same activity concentration values of surface soils and attic
dust in the vicinity of other CFPP are also indicated in the plot. (Note
that coal ash and attic dust are compared later in Chapters 3.2.2 and
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Fig. 4. Box and whisker plot of the activity concentrations of 22°Ra, 2*2Th, *°K and '*Cs in 36 attic dust and 19 urban soil samples from Salgétarjan. The brown
forest soil (BFS) and coal ash (CA) samples are denoted by vertical brown and grey lines, respectively. (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)
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Fig. 5. Variation in the 226R4-232Th-0K activity concentrations in samples of urban soil (white circles), attic dust (black circles), brown forest soil (brown circle) and
coal ash (grey circle) from Salgétarjan. The dashed line shows the extent of the urban soil samples, whereas the dotted line shows the extent of the attic dust ones. The
other colored symbols show the mean values for surface soils found in the literature. The activity concentrations were normalized to 100, but those of “°K were
divided by 10 to compare this radionuclide more easily. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)

3.2.3.) The activity concentrations of urban soils in Salgétarjan fall
within the mean values from China (Dai et al., 2007), Greece (Papaef-
thymiou et al., 2013), Poland (Bem et al., 2002), Serbia (Tani¢ et al.,

Table 3

2016), Spain (Charro et al., 2013a) and Turkey (Cevik et al., 2008)
(Fig. 5; Table 3). Note that the brown forest soil and mean values of soils
worldwide (not only in the vicinity of CFPP) also fall within those

Comparison of the mean and range of activity concentrations (Bq kg ') of 2?°Ra, 232Th, “°K and '*”Cs in samples of urban soils and attic dust from Salgétarjan as well as
of surface soils in the vicinity of coal-fired power plants worldwide. The medians of soil samples worldwide (not just in the vicinity of CFPPs) are also shown

(UNSCEAR, 2000).

Locality Type of the samples Activity concentrations (Bq kg™1), mean (min - max) References

226R, 232 a0y 1376
Salgétarjan city, Hungary Attic dust n = 36 (undisturbed) 43(12%1-145) 34 (8-94) 534 (309 - 88 (5-169) This study

1382)

Salgétarjan city, Hungary Urban soil n = 19 (disturbed, 0-15 cm) 25 (15 - 38) 33(18-48) 386(344-447) 6(0.7-17) This study
0Ozd, Hungary Attic dust n = 25 (undisturbed) 31 (2% - 62) 16 (8 - 26) 400 (80-1493) 88 (2-272) Tserendorj et al. (2022b)
Ajka, Hungary Attic dust n = 10 (undisturbed) 318 (64 - 21 (15-31) 442 (190 - 85(32-114) Tserendorj et al. (2022b)

587) 1976)
Afsin, Turkey Soil samples*, n = 21 (0-15 cm) 33 (7-78) 36 (26-49) 379 (304-744) - Cevik et al. (2008)
Ajka, Hungary Soil samples*, n = 38 (undisturbed, 0-20 cm) 129 (15-883) 27 (12-43) 337 (146-596) 20 (3*% Papp et al. (2002)

—150)

Ajka, Hungary Soil samples*, n = 47 (disturbed, 0-20 cm) 136 (21- 25 (15-41) 329 (176-567) 17 (2-69) Papp et al. (2002)

1256)
All over the country, India Surface soil samples* n= >30 37 (14-155) 69 (18 - 396 (11-706) - Mishra (2004)

155)
Baoji, China Soil samples*, n = 24 (0-25 cm) 32 (23-40) 50 (38-66) 720 (498-858) - Dai et al. (2007)
Barapukuria, Bangladesh Soil samples*, n = 24 (0-10 cm) 103 (51-77) 103 (71- 494 (210-763) - Habib et al. (2019)
126)
Figueira, Brazil Soil samples*, n = 52 (0-25 cm) 151 (12-282) 39 (18-55) 233 (88-299) - Flues et al. (2002)
Kapar, Malaysia Surface soil samples*, n = 14 (0-5 cm) 63 (31 -152) 50 (20-74) 288 (194-358) - Amin et al. (2013)
Lodz, Poland Surface soil samples*, n = 29 (undisturbed; 16 (7-21) 15 (9-20) 310 (221-434) 5(1-15) Bem et al. (2002)
0-30 cm)
Megalopolis basin, Greece Surface soil samples*, n = 14 (0-5 cm) 45 (21-125) 32 (24-40) 337 (234-412) 80 (7-314) Papaefthymiou et al.
(2013)
Obrenovac, Serbia Soil samples*, n = 30 (disturbed, 0-10 cm) 32 (19-49) 33 (14-55) 598 (372-833) - Tani¢ et al. (2016)
Sevilla, Spain Surface soil samples*, n = 67 (undisturbed; 0-5 38 (13-67) 43 (15-68) 445 (97-790) 29 (3*%-209) Charro et al., 2013
cm)

Mean value of the World Soils 35 (17-60) 45 (11-64) 412 (140-850) - UNSCEAR (2010)

soil

* Authors named their samples which partially cover of the depth of urban soil samples.
*1 the number of samples are below the detection limit in this study.
*X the number of samples are below the detection limit.

10



D. Tserendorj et al.

measured in Salgétarjan (UNSCEAR, 2010).

The mean value of surface soil samples in the vicinity of CFPP in
India is richer in 232Th (Mishra, 2004), moreover, in Bangladesh (Habib
et al., 2019) and Malaysia (Amin et al., 2013) are richer in 232Th and
226Ra, whereas in Brazil (Flues et al., 2002) and Ajka (Hungary) (Papp
etal., 2002) much higher concentrations of 22°Ra are found compared to
urban soils in Salgétarjan (Fig. 5; Table 3). In Ajka, certain disturbed
surface soils have activity concentrations as high as 1256 Bq kg™ (Papp
et al., 2002). It was reported that the Cretaceous brown coal from Ajka
contains U concentration of approximately 94-152 mg kg ™' (Szabo,
1992), whereas Miocene brown coal from Salgdtarjan contains only 1
mg kg~ U (Salazar — Yanez et al., 2021), shedding light on the differ-
ences in the local geology (age of coal, coalification process) which in-
crease the U concentration and as a result the ??°Ra activity
concentration in its by-product, namely coal ash (Table 1).

In fact, all the mean ?2°Ra activity concentrations of soils compared
in the vicinity of CFPP, such as in Ajka (Hungary), Serbia, Spain, Turkey,
China, India, Brazil, Greece, Malaysia and Bangladesh, are higher than
those in Salgétarjan (Table 3). Furthermore, the 232Th activity concen-
tration is only lower in Poland, whereas it is almost the same in Ajka,
Brazil, Greece, Serbia and Turkey but higher in Bangladesh, China,
India, Malaysia and Spain (Table 3).

Potassium-40 activity concentrations are lower in Poland, Brazil and
Malaysia, the same in Ajka (Hungary), Greece, India and Turkey,
whereas higher in China, Serbia and Spain (Table 3). The %”Cs activity
concentration is only lower in Poland and higher in all the other coun-
tries (Table 3). Overall, urban soils from Salgdtarjan contain lower or the
same values of 2?°Ra, 232Th, 40K and '3Cs when compared to soils in the
vicinity of other CFPP and those worldwide.

3.2.2. Attic dust

The activity concentrations of 22°Ra in samples of attic dust from
Salgétarjan vary from 12.0 + 6.0 to 145.6 + 8.3 (mean: 43.3 + 4.6 Bq
kg™1), including two outliers, that is, 143.5 + 8.1 (STN35AD — family
house) and 145.6 + 8.3 (STN18AD - family house) (Figs. 1, 4A; Tables 1-
2). The ?2Ra activity concentration of one sample, namely STN15AD —
family house (Fig. 52), fell below the detection limit of 0.9 Bq kg7,
which also exhibited the lowest 2>Th activity concentration (Fig. S2;
Table 1). The outliers are at least five times higher than all other values
for the samples of urban soil and brown forest soil (Fig. 4A; Table 1). The
B32Th activity concentrations ranged from 8.0 + 2.6 to 94.3 £ 9.6 with a
mean of 34.0 + 2.4 Bq kg7, including two outliers, the same samples as
for 22°Ra, those are, STN18AD — family house and STN35AD - family
house (Figs. 1, 4B; Tables 1-2).

Activity concentrations of 40K (in Bq kg’l) ranged from 309.2 + 21.7
to 1382.3 + 76.6 with a mean of 534.4 + 39.1 Bq kg~ ?, including one
outlier of 1382.3 + 77.6 Bq kg !, namely STN40AD - family house
(Fig. 4C; Tables 1-2). The K30 concentration of this outlying sample, that
is, STN40AD, is also significantly elevated as previously discussed in
Chapter 3.1, presumably due to the potassium fertilizer. The '*’Cs ac-
tivity concentrations vary from 5.5 + 0.9 to 169.8 + 2.9 with a mean of
88.5 + 5.1 Bq kg~ ! (Fig. 4D; Tables 1-2).

Due to the absence of a worldwide long-lived natural radioactivity
database for attic dust, our data were compared to the urban soils and
coal ash from Salgoétarjan, the attic dust samples from two other Hun-
garian industrial cities, namely Ozd and Ajka, and the surface soil
samples in the vicinity of the CFPP in Ajka, Hungary, as well as those in
other countries (Figs. 4-5; Tables 2-3).

It can be seen from the boxplots that the ranges of 22°Ra, 232Th, 4°K
and '¥7Cs activity concentrations of the attic dust samples are wider than
for the urban soil (Fig. 4; Tables 1-2). Therefore, the activity concen-
trations of these radionuclides are more variable in attic dust samples
than in urban soils. However, the 22°Ra, 23°Th and “°K values contain
outliers unlike the urban soil ones. The activity concentrations of *°Ra,
40K and '¥Cs in the attic dust samples are statistically significantly
higher than in the urban soils in Salgétarjan when comparing their
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medians (Fig. 4; Table 2). However, no statistically significant difference
was observed in their 2*>Th activity concentrations (Fig. 4; Table 2).

The two outliers in the 22°Ra and 232Th activity concentrations of the
attic dust samples (STN18AD - family house and STN35AD - family
house), form a distinct subgroup with the coal ash sample in terms of the
226Ra-232Th-*K triplot (Fig. 5; Table 1), suggesting a strong connection
between these radionuclides and the by-product coal ash of the CFPP
(Fig. S1B). This supports that coal ash can be considered as an anthro-
pogenic component in the samples of our study, indicating their
contamination levels. Furthermore, attic dust samples STN17AD —
family house and STN32AD - family house (Fig. 1) also exhibit high
226Ra and 2%?Th activity concentrations (Fig. 5; Table 1), moreover, are
the closest samples to this subgroup in terms of the 22°Ra-232Th-*0K
triplot (Fig. 5). These sampling sites are located in the elevated and open
areas of the eastern and southern parts of the city (Fig. 1; Table 1). The
prevalent wind direction is from the northwest which is capable of
transporting particles to the south from the nearby CFPP as well as from
the coal ash cone, Indsz6 slag dump and Kucsurd Hill (Fig. 1), however,
not to the east. It is assumed that the local weather conditions are
capable of changing the pathway of airborne dust materials, e.g.,
because of the presence of the valley stretching from the west to the east,
which can alter the direction of the wind (Tserendorj et al., 2022a).

It is interesting that the 2?°Ra activity concentration of the sample
STN15AD - storeyed house fell below the detection limit but the U ac-
tivity concentration was the third highest among the attic dust samples.
Its 22Th activity concentration and Th concentration are the lowest
(Figs. S2A-B; Table 1).

Attic dust samples from other Hungarian industrialized cities,
namely Ozd and Ajka, show different 2?Ra activity concentrations than
those recorded in Salgétarjan. In Ozd, the values ranged between 9.5 +
2.7 and 63.3 + 0.9 with a mean of 35.7 + 3.3 Bq kg ™! (Tserendorj et al.,
2022b), which are lower than those in attic dust from Salgétarjan (Fig. 5;
Table 3), suggesting a different pollution source in Ozd, e.g., smelter slag
(Salazar-Yanez et al., 2021) because of the former iron and steel factory.
On the other hand, in Ajka, these values ranged from 64.2 + 5.0 to 587.7
+ 5.6 with a mean of 318.9 + 53.7 Bq kg’1 (Tserendorj et al., 2022b),
which are much higher than those from attic dust samples in Salgé6tarjan
(Fig. 5; Table 3). This must have been caused by the unusually high
uranium concentration in the Ajka brown coal (Szabo, 1992) and the
fact that coal was combusted in Salgétarjan for a shorter period from
1891 to 1973 than in Ajka from 1872 to 1995 (Papp et al., 2002; Wirth
et al., 2012).

The mean '¥Cs activity concentrations in attic dust samples from
Salgétarjan are ~15 times higher than those in urban soil samples
(Fig. 4D; Tables 1-2). This indicates that the 137¢cs activity concentration
in attic dust, which has remained undisturbed for decade, is high,
therefore, is able to represent the long-term dynamic accumulation of
material (Cizdziel and Hodge, 2000; Tserendorj et al., 2022a). In
contrast, in an open environment like in urban soil, the dispersion of
particles attached to mobile '*’Cs radionuclides probably migrated to
depths greater than 15 cm, were washed away during natural processes,
namely dissolution in water and precipitation (Ritchie and McHenry,
1990), or 137Cs was mixed as a result of changes to the landscape,
including the infilling of playgrounds, parks, etc.

In summary, the studied radionuclides exhibit much higher con-
centrations (except for 2>2Th) and also higher degree of variability in the
attic dust than in the urban soils in this study area. A connection be-
tween the 22°Ra and 232Th activity concentrations in the attic dust and
coal ash was revealed based on the triplot. By comparing this relation-
ship with two other industrial areas with different pollution sources
revealed that their activity concentrations in the attic dust depend on
those in the pollution sourcesRegarding the 1%7Cs activity concentration
in attic dust versus that in urban soil, it is clear that attic dust can
accumulate pollutants better than urban soil, therefore, attic dust is a
useful material for studies on pollution.
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3.2.3. Coal ash

The coal ash sample from the local coal ash cone in Pintértelep
(Fig. 1, S1-A) exhibits higher 226Ra and 23°Th activity concentrations of
91.1 + 1.7 and 69.5 + 3.3 Bg kg~ than all the other studied samples, i.
e. urban soil, brown forest soil and attic dust, except for the two outlying
attic dust samples (STN18AD - family house and STN35AD - family
house), (Fig. 4A and B; Table 1). The activity concentration of 40K in the
coal ash sample of 414.8 + 8.9 Bq kg™ ! is much lower than in the ma-
jority of attic dust samples, moreover, the '*”Cs activity concentration is
the lowest among all the studied samples, that is: 0.09 + 0.4 Bq kg !
(Fig. 4D; Table 1).

Coal ash exhibits lower >?%Ra, 23Th and “°K activity concentrations
than the average for coal ash in Hungary and even lower than those from
other European countries, namely the Czech Republic, Germany,
Poland, Romania and Slovakia (Table 4) (Trevisi et al., 2018). However,
it can clearly be seen on the triplot (Fig. S3) that the ratio of these three
radionuclides to each other in the coal ash from Salgétarjan is similar to
those in the aforementioned countries (Fig. S3; Table 4). As was seen
earlier, the two outlying attic dust samples (STN18AD - family house
and STN35AD - family house), (Fig. 5) strongly correspond to the
average European coal ash (Table 4) (Trevisi et al., 2018). Accordingly,
these two attic dust samples can be rather representative as a proxy in
terms of the geochemical features of the original unweathered coal ash
compared to the studied coal ash cone in Pintértelep (Fig. 1, S1-A;
Table 4). The reduction in the activity concentrations in the coal ash
from Salgdtarjan can be explained by the long period of exposure since
the CFPP started operating in 1891 (Wirth et al., 2012) as well as strong
chemical (rain) and physical (wind) weathering processes acting on the
local coal ash cone (Figs. S1-A) as reported by Szabo et al. (2007) and
Abbaszade et al. (2022).

3.2.4. Relationships between radionuclides

Prior to any hypothesis testing to compare the samples of attic dust
and urban soil, distribution of the radionuclides normality was tested
(Shapiro and Wilk, 1965; Reimann et al., 2008) (Table 2) to provide an
in-depth analysis for further statistical treatment. The dataset of radio-
nuclides in attic dust is non-normally distributed (*?°Ra: p < 0.00, 22Th:
p < 0.00 and 40k p < 0.00; Table 2), except for the 137¢s activity con-
centrations (p = 0.18; Table 2). In contrast, the whole dataset for the
urban soil samples is normally distributed (32°Ra: p < 0.47, 232Th: p <
0.53 and “°K: p < 0.98; Table 2) with the exception of 137¢g (p < 0.00;
Table 2). Regarding the non-normal distribution of samples, a
nonparametric Spearman’s correlation (Schober and Schwarte, 2018)
was used to check the linear correlation between the activity concen-
trations. Between 2*2Th and 2?°Ra and between 22Th and *’K in urban
soil (r=0.75,p < 0.01; r = 0.4, p = 0.04, respectively) as well as in attic
dust samples (r = 0.92, p < 0.01; r = 0.33, p = 0.05, respectively),
significant positive correlations were observed, indicating that the

Table 4

The average activity concentrations (Bq kg ~1) of 22°Ra, 232Th and “°K in coal ash
samples from some European countries (Trevisi et al., 2018) as well as of coal
ash (CA) from Salgétarjan. For the purpose of a comparison, the values of the
two outlying attic dust samples, namely STN18AD and STN35AD, are also
shown.

Countries Number of samples 22°Ra 232Th 40g
Poland 1941 200 118 798
Czech Republic 1378 146 86 669
Greece 686 1046 56 400
Romania 179 219 116 595
Slovakia 226 123 76 769
Hungary 75 110 114 435
Germany 30 164 94 517
Slovenia 2 250 37 383
Salgétarjan (this study) 1 91 69 414
STN18AD (this study) 1 145 83 708
STN35AD (this study) 1 143 94 649
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geological source of these natural radionuclides was common as pointed
out by Navas et al. (2011) and Tani¢ et al. (2016), which in this case is
the long-term use of local Miocene brown coal (Kercsmar et al., 2010)
and 82 years of combustion at the local CFPP. The absence of any cor-
relation between 22°Ra and *°K reflects the differences in the origin and
mobilization of both natural radionuclides (Navas et al., 2011). No
correlation was observed between 2?°Ra, 232Th, “°K and '%Cs as a
consequence of the Chernobyl NPP accident, which released 13’Cs into
the environment (De Cort et al., 1998).

3.3. Relationship between radionuclides in attic dust and urban soil as a
function of the distance from the coal-fired power plant

Among the studied radionuclides, the decreasing activity concen-
trations of 22°Ra in attic dust and urban soil samples show a significant
correlation as the distance from the CFPP increases (attic dust: r = —0.4,
p < 0.01; urban soil: r = —0.4, p = 0.05) (Fig. 6A). Interestingly, a
similar correlation is observed for the U activity concentration of attic
dust as a function of the distance from the CFPP (r = —0.5, p < 0.01)
(Fig. S4). Such a correlation is also true for 232Th in attic dust (r = 0.4,p
< 0.01) (Fig. 6B). No correlation was observed between the other ra-
dionuclides and elemental concentrations as the distance from the CFPP
varied.

Furthermore, the lowest activity concentrations of 22°Ra and 232Th
were measured in the brown forest soil (Fig. 4A and B, 6A-B), which is
the furthest sampling site from the CFPP (8100 m away) (Fig. 6A and B),
supporting that brown forest soil is a strong natural geogenic component
of all the studied samples as previously stated, which was also confirmed
by Abbaszade et al. (2022) using Pb isotopes. The two outlying attic dust
samples (STN18AD - family house and STN35AD - family house)
located <1400 m from the CFPP, show the highest activity concentra-
tions of 22°Ra and 232Th (Fig. 6A and B). This confirms that these attic
dust samples are considered to be a proxy of unweathered coal ash as
discussed above. Accordingly, their corresponding urban soil samples
STN21US - other (roadside) and STN29US - playground, also show
slightly elevated activity concentrations of 22°Ra and 232Th (Fig. 6A and
B). Question raised whether the attic dust-urban soil pairs (Fig. 6A-B,
S5; Table 1) shed light on any relationship between the two types of
samples. The ratio of attic dust to urban soil in terms of 2Ra and 2>2Th
in the 17 sample pairs (Fig. 7; Table 1) exhibits a strong positive rela-
tionship (r = 0.73; p = <0.01; Fig. 7). 76% (n = 13 from the 17 pairs) of
the attic dust samples have higher 2?°Ra activity concentrations than
those of 232Th (Table 1). These pairs (n = 13) exhibit the highest po-
tential influence of the coal ash (Fig. 6A-B, S5; Table 1) and may also
reflect the undisturbed attic area. Two low ratios, namely 0.7/0.4 for
STN27AD/STN32US and 08/0.4 for STN10AD/STN13US (Fig. 7), are
associated with pairs showing higher activity concentrations of 22Th in
urban soil samples than in corresponding attic dust ones (Table 1). These
sampling sites are located further than 2700 m to the west of the CFPP.
The ages of these two houses are significantly different (STN27AD and
STN10AD family houses: 78 and 38 years old; Table 1). Moreover, at
least the older one would have been expected to exhibit elevated 226Ra
activity concentrations, but the roof of the attic is not perfectly isolated,
meaning deposited particles might be transported or reaccumulating
processes may occur. The other two pairs (STNO9AD/STN11US and
STN25AD/STN23US), showing highly comparable ratios of attic dust
and urban soil in terms of 22°Ra and 2*Th activity concentrations, are
situated <4500 m to the north of the CFPP (Fig. 6A-B, 8; Table 1). The
prevailing wind direction is from the northwest (Tserendorj et al.,
2022a), which is not favorable as far as the transportation of
by-products, i.e. coal ash, towards the north is concerned (Fig. 1). This
suggests again that local weather conditions can change the pathway of
airborne dust materials as concluded in our earlier study (Tserendorj
et al., 2022) since the presence of valleys can alter particle deposition
pathways. Furthermore, it is clear that the geochemical features of attic
dust were preserved for decades undisturbed unlike the disturbed urban
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soil (Fig. 4A and B, 6A-B, 8A-B). Since the physical mechanisms of soil
redistribution, namely deposition, and leaching/sorption processes in
soil layers were in charge of controlling the dispersion of such radio-
nuclides as ?*°Ra and 2*2Th (Navas et al., 2011).

3.4. Spatial distribution of the studied radionuclides in attic dust

Spatial maps, showing contours for identical radioactivity levels of
the studied radionuclides, were calculated according to the Matheron
algorithm (Matheron and Marie, 1965), which provides a meaningful
estimation of spatial autocorrelation (Chilés and Delfiner, 2012) in the
study area, including in areas where no data were available. The results
for the 22°Ra and 232Th activity concentrations, namely 2 = 0.4 and 0.5,
respectively, fitted models applicable for kriging (Cressie, 1990) to
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obtain interpolated activity concentration maps (Fig. 8A and B). The
unusual STN15AD sample (Fig. 1, S2; Table 1) was excluded due to its
unsatisfactorily high degree of variance compared to neighboring sites
as previously described (Fig. 8A and B). Furthermore, inverse distance
weighting (Lu and Wong, 2008) was performed to obtain an interpolated
map of “°K (Fig. S5) given its similar values of activity concentrations
with regard to the data in the study area. For *’Cs, the spatial auto-
correlation has been published by Tserendorj et al. (2022a). Maps drawn
for 22°Ra and 2*2Th are highly similar to each other throughout the
studied area (Fig. 8A and B). From the CFPP along lines I, II, IIl and IV,
the same tendency in the activity concentrations of 2?°Ra and 2*%Th is
seen (Fig. 8C). In other words, the closer the CFPP, the higher the ac-
tivity concentrations of the radionuclides measured (Fig. 6A and B). Our
observations support the findings of other studies, that elevated 2?Ra
and 232Th activity concentrations in soils are generally confined to no
more than ~3000 m from the coal-fired power plants in Spain, China,
Brazil and Serbia (Charro et al., 2013a, 2013b; Dai et al., 2007; Flues
etal., 2002; Tanic et al., 2016). The attic dust dataset was the only one to
provide the spatial distribution of the 226Ra (Fig. 8A), 221 (Fig. 8B)
and “°K (Fig. S5) activity concentrations in the form of spatial maps.

3.5. Radiological dose assessment

To assess the risk the population living or working near the CFPP and
slag dumps are exposed to (Fig. 1), the total absorbed gamma dose rate
(D) [Eq. (1)] and the annual effective dose (E) [Eq. (2)] were calculated
for the urban soil and attic dust samples. The total absorbed gamma dose
rate (D) ranged between 35 and 64 nGy h™! with a mean value of 48 nGy
h™! in urban soils from Salgétarjan (Fig. 9A; Table S2), which is below
the worldwide population weighted average value of D outdoors from
terrestrial gamma radiation (59 nGy h™'; range: 1-1200 nGy h™?!) and
below the same values in Hungary (61 nGy h™}, range: 15-130 nGy h™1)
(Fig. 9A) (UNSCEAR, 2010). Although the D value for all urban soils is
higher than for the brown forest soil (32 nGy h’l), it can be stated that
the samples nearest to the CFPP (STNO9US - park, STN20US - play-
ground and STN29US - playground; Fig. 1), exhibit the highest D values
of 64, 59 and 62 nGy h™1, respectively (Table S2). Accordingly, the CFPP
in Salgétarjan and its slag dumps did not result in considerable amounts
of radionuclides entering the urban soils.

Absorbed gamma dose rate (D) ranges between 22 and 155 nGy h™?
in attic dust samples with a higher mean of 74 nGy h™! compared to
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urban soils (Fig. 9A; Table S2). Values of D for the coal ash is 101 nGy
h~L. In the absence of literature on attic dust, the calculated D values
were compared to the worldwide population weighted average values
concerning the absorbed dose rate in air inside dwellings (84 nGy h™!
with national averages ranging from 20 to 200 nGy h™!) (UNSCEAR,
2010), which is rather consistent with the mean value of attic dust (74
nGy h™1). Some of the attic dust samples and the coal ash have higher D
values than the Hungarian average (95 nGy h™!) but fall within its range
(11-236 nGy h’l) (Fig. 9A; Table S2). However, when exact radiological
doses from attic dust are calculated, the fact that attic dust can cause
doses in different ways to building materials must be taken into account,
since it can move into dwellings in the form of dust and be inhaled or
even ingested.

4. Summary

The elemental (U, Th, K and Cs) and activity (226Ra, 232Th, 4K and

14

137Cs) concentrations in urban soil samples in kindergartens, play-
grounds, parks and others as well as those of attic dust found in family
houses, churches, kindergartens and blockhouses were studied to iden-
tify the possible impact of contamination caused by former heavy in-
dustrial activity in the residential area of Salgétarjan, Hungary.

The results showed that the elemental content of U, Th, K and Cs as
well as the activity concentrations of 226Ra, 232Th, 4K and '¥’Cs in
urban soil and attic dust are lower or equal to those in the literature in
the vicinity of coal-fired power plant (CFPP) and soils worldwide.
However, since the values for attic dust are higher than those for urban
soils in Salgétarjan, this study proved that attic dust provides an indirect
assessment and serves as a highly sufficient historical record of local
airborne dust deposition compared to the urban soil samples. Moreover,
is an effective environmental media for monitoring the industrial urban
environment in particular.

The elevated activity concentrations of 22°Ra and 2*2Th in attic dust
and urban soil from Salgétarjan correspond to the close proximity of
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sampling sites to the local CFPP. Spatial analysis confirmed that the
closer the sampling site is to the CFPP, the higher the activity concen-
trations of the radionuclides observed. This indicates that the coal ash as
a by-product of CFPP has a significant impact on residential areas in
Salgétarjan. Furthermore, attic dust and urban soil pairs shed light on
their similar geochemical features.

The calculated total absorbed gamma dose rate (D) and annual
effective dose (E) for urban soils indicate that the 82 years long opera-
tion of the CFPP in Salgdtarjan and different slag dumps do not cause
increased levels of background radiation in city.

Our study recommends that a combination of U, Th, K and Cs content
as well as activity concentration of 226Ra, 232Th, “°K and '%7Cs radio-
nuclides should be used to express the contamination source effectively.
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