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1. Introduction and objectives 

Radioactivity has become a major concern over the years because of its association with impact 

on public health (UNSCEAR, 2010). The primordial radionuclides (238U (226Ra), 232Th and 40K) 

are present in various degrees in all environmental spheres as naturally occurring radioactive 

materials (NORM). Human interventions (e.g., coal mining, coal-fired power plants, and 

related process) utilize, recover and dispose of these materials thereby creating technologically 

enhanced  naturally occurring radioactive materials (TENORM), which can cause extra and 

enhanced radiation exposures (EPA, 2006). Furthermore, artificial radionuclides (e.g., 137Cs) 

have been released through nuclear weapon tests (from the 1940s to 1980s) and major nuclear 

accidents such as Chernobyl, 1986, and Fukushima, 2011 (UNSCEAR, 2010). Studies of 

environmental liabilities (e.g., contaminated areas, waste basins) provide valuable knowledge 

about radiation risk assessment associated with exposure and dose (Ahmad et al., 2019). 

The combustion of coal in coal-fired power plants (CFPP) leads to an increase in the 

concentration of primordial radionuclides in the by-productions (e.g., coal ash), which are 

released to the atmosphere and fall to the ground and onto surface water, resulting in a 

modification of the natural radioactivity background levels in surface soils. From the 1960s, 

numerous studies all over the world (e.g., Poland, China, Brazil) have been proposed to focus 

on contamination around CFPP (e.g., Eisenbud & Petrow, 1964; Bem et al., 2002; Flues et al., 

2002; Lu et al., 2012; Papaefthymiou et al., 2013; Charro et al., 2013a, b; Tanić et al., 2016). 

Furthermore, in Ajka (a former industrial city in Hungary), several studies of radionuclide 

impact on soil samples around the local CPFF have been conducted (Papp et al., 2002; 2003; 

Zacháry et al., 2016). Considerably elevated activity concentration of 238U and 226Ra in soil 

were reported from the deposition of fly ash and other by-productions due to the prolonged use 

of local U-rich brown coal (Szabó, 1992). Most of these studies performed radioactivity 

measurements on surface soils around the local CFPP.  

During coal combustion, the natural radionuclides concentrate in the residual by-products (e.g., 

coal ash) provide up to ten times greater activity concentration than the burnt coal (IAEA, 

2003). A part of this by-product (< 100 μm grain size fraction) can easily be emitted to the 

atmosphere from spoil dumps and CFPP chimneys; this can then, reach residential areas 

through several transfer pathways (namely, in the atmosphere and water and via the food chain) 

in the biosphere (UNSCEAR, 2010). Therefore, spoil dumps are considered a potential risk to 

humans, since they can lead to increase in beyond the background level of natural radioactivity 

levels in the environment. Hence, it is obvious that dust particles emitted from CFPPs are 
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capable of entering houses through active and passive ventilation portals (e.g., open windows, 

cracks, and vents) and may then accumulate inside, together with house and street dust, 

especially in the undisturbed areas such as attics thus, the term attic dust (Cizdziel et al., 1999, 

2000; Gosar et al., 2006). Since attic dusts are less subjected to environmental degradation (e.g., 

sunlight effects, decomposition by microbial influence, chemical weathering, ventilation, 

precipitation), they can be preserved in long-term deposits (Coronas et al., 2013). Accordingly, 

attics may be considered areas of long-term dynamic accumulation of material, influenced over 

decades only by the natural movement of air, penetration of the dust indoors (resupply), and 

settling on solid surfaces (Cizdziel et al., 2000); they should, therefore, be considered potential 

sources of radiation risk within urban areas (Cizdziel & Hodge, 2000). Undisturbed archived 

attic dust, which has recorded long-term pollution, has been used as a monitoring factor for 

certain highly potential toxic elements (e.g., Pb, Cd, As) (Cizdziel & Hodge, 2000; Davis &  

Gulson, 2005; Ilacqua et al., 2003; Sajn, 2005; Gosar et al., 2006; Völgyesi et al., 2014a; 

Balabanova et al., 2011; 2017; Painecur et al., 2022) and polycyclic aromatic hydrocarbons 

(Coronas et al., 2013; Wheeler et al., 2020) that suspected dominantly emitted from 

contamination sources to the ambient environment. Analysis of certain radionuclides (e.g., 

137Cs and 239Pu) (Cizdziel et al., 1998, 1999; Tserendorj et al., 2022) has demonstrated that 

attic dust accumulates and preserves valuable information about changes in the degree of 

pollution of both global and local environments. Additionally, attic dust should also be 

considered a material hazardous to human health, particularly in areas with documented long-

term pollution (e.g., heavy industrial zones and areas with extensive coal burning reflected by 

high levels of potential toxic elements (PTE) and the occurrence of specific PTE-bearing 

particles) (Gabersek & Gosar, 2022). Despite these, the presence of natural radionuclides in 

attic dust has not been studied yet. This fact makes it necessary to examine whether attic dust 

should be regarded as a cause of concern over the course of decades, and, if so, to what extent.  

In 1986, during the largest nuclear accident, in Chernobyl (now Ukraine, at the time a part of 

the Union of Soviet Socialist Republics), up to 85 PBq (1 PBq = 1015 Bq) of 137Cs activity were 

released into the atmosphere (UNSCEAR, 2000a) over vast areas of Europe. The rate of the 

initial 137Cs deposition, as is characteristic of this material, was strongly dependent on 

meteorological conditions during the first days after the event. A high level of radionuclide 

fallout was deposited mostly over the territory of what is today Belarus, northern Ukraine, and 

the European part of Russia (De Cort et al., 1998). Due to the changes in wind direction, the 

contaminated air masses were then transported rather towards the west and north-west, 
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reaching Poland and the Scandinavian countries. In the following days, however, the wind 

patterns changed substantially to southerly and eastern southeasterly, reaching this part of 

Europe, i.e., the area under consideration in this study (IAEA, 2006). Therefore, deposition 

rates from the radioactive cloud were not constant during its dispersal, especially in terms of 

wet deposition associated with rainfall at that time (De Cort et al., 1998; Beresford et al., 2016). 

From the atmosphere, 137Cs adsorbs on precipitation and returns to lithosphere (i.e., 

pedosphere) or hydrosphere by wet and dry deposition as a component of radioactive fallout. 

The total activity of 137Cs deposited in the present territory of Hungary attributable to 

Chernobyl was 0.15 PBq (De Cort, M. et al., 1998). As for the geographic distribution, slightly 

higher levels of 137Cs activity were found in the northern and north-western parts of Hungary 

(1.35–2.15 Bq cm-2) than over other areas (0.13–0.94 Bq cm-2) based on 86 field (in situ) 

gamma-spectrometry measurements (De Cort, M. et al., 1998). Similar findings were reported 

by Szerbin et al. (1999) based on an additional 19 measurements. Activity concentrations of 

137Cs activity in the undisturbed upper 30 cm of soils in Pest County (Central Hungary) ranged 

between 0.5 and 61.1 ± 2.2 Bq kg-1 (Szabó et al., 2012). As reported by De Cort et al. (1998), 

airborne gamma radiation surveys were performed between 1963 and 1973 over Europe just 

prior to the Chernobyl accident, and at that time, the estimated total activity of 137Cs was 20 

kBq/m2, and the activity concentration in Hungary was estimated at 2.5-3.0 kBq/m2.  

In the absence of washout effects, the 137Cs became attached to airborne particles and was 

transported over distances of thousands of kilometres and depleted by dry deposition all over 

Europe (Balonova et al., 1996; De Cort et al., 1998). Both dry and wet deposition were affected 

by local surface properties, such as aerodynamic roughness, as determined by local surface 

topography and land cover (Van der Perk et al., 2002). Those aerosol and dust particles to 

which 137Cs adhered were also capable of entering houses (e.g., through open windows, vents 

and cracks) in residential areas and accumulated inside and remained undisturbed in areas that 

are not easily accessible for regular cleaning, like attics (Ilacqua et al., 2003). In addition, 

deposition processes and activity within urban territories contributed to radionuclide 

redistribution and shifting atmospheric deposition, especially over the longer term. For this 

reason, undisturbed archived attic dust containing records of long-term pollution has been used 

as a monitoring factor for potential toxic elements (e.g., heavy metal(loid)s; (Davis & Gulson, 

2005; Gosar et al., 2006). 

Furthermore, anthropogenic activities (mining, manufacturing, industrial activities, etc.) have 

resulted in widespread metal(loid) contamination in urban areas that threatens the well-being 
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of residents and the environment. City areas covered by such contaminated soil include places 

where residents spend significant time for recreation (like parks and playgrounds). Hence, the 

investigation of such media is one of the most common ways to estimate the risk of the 

population. The principal increase in potentially toxic elements (PTE) occurs after their usage 

in various industrial products (e.g., pipes, steel, glass, paint, batteries, ammunition, etc.) due to 

their chemical and physical characteristics. The continuous accumulation of heavy metal(loid) 

contaminants changes the physical, chemical and biological properties of soils. The behaviour 

of PTE in the soil is controlled by various environmental parameters, including pH and redox 

potential, presence of Fe and Mn oxyhydroxides as well as organic material, etc. (Wu, et al., 

2017). Additionally, the analysis of the radionuclides in urban soils and, more precisely in 

agricultural and forest soils (e.g., Charro et al., 2013b), is highly important given the direct 

connection between the soil and vegetation.  

The goals of this thesis are to determine and identify the possible degree of enrichment and 

spatial distribution of U, Th, K and Cs and the levels of activity of three primordial 

radionuclides (226Ra, 232Th and 40K) and one artificial nuclear fission production (137Cs 

radionuclide) through the examination of samples of attic dust (undisturbed) and urban soil 

(disturbed) from two former industrial cities of Hungary, namely Salgótarján and Ózd. The 

overall objectives of this research are the following: 

1. To compare the potential U, Th, K and Cs contamination of attic dust and urban soils 

locally (within cities) and regionally (between cities) in Hungary. 

2. Evaluate the degree of enrichment and contamination of 226Ra, 232Th, 40K and 137Cs in 

attic dust and urban soils and determine their possible local sources. Determining the 

presence of radionuclides in attic dust, which provides information about any potential 

risk of and the pathway for the radionuclide contamination through urban areas. This 

study also offers a new perspective on and strengthens approaches to radionuclide 

studies of attic dust in the future. 

3. Of particular interest in the case of 137Cs is that, given its special origin, is the goal of 

obtaining a better understanding of the pathways of contamination in urban 

environments by means of attic dust. 

4. To examine the influence of local sources and spatial distribution of the contaminants 

via the use of widely accepted statistical techniques and geostatistical mapping tools 

based on kriging.  



14 

 

5. To assess the risk to the population living in former industrialised areas (i.e., located 

near coal-fired power plants, iron and steel works, etc.) on the basis of estimating the 

dose rate and the annual outdoor effective dose in both cities.  

2. Theoretical background to elemental synthesis and the origin of 

radioactivity  

The elements and their isotopes present in our solar system and in other stellar systems are the 

products of energetic nuclear processes, which occurred in various astrophysical environments, 

beginning with the “Big Bang”, the event that initiated the expansion of our Universe. In a 

general sense, the word “nucleosynthesis” refers to the different energetic astrophysical 

processes involved in the formation of the nuclides known to us (White, 2018). Tracking the 

current expansion of the universe back in spacetime, we see that  the fusion of the primordial 

protons, and the subsequent stages of the fusion process (deuterium, helium-3, tritium, and 

helium-4, giving rise to the release of energy (E = mc2), led to the formation of rapidly changing 

populations of subatomic particles, such as neutrinos, annihilating electron-antielectron, and 

neutrons, and energetic particle interactions such as neutron and proton capture and spallation, 

in a highly dynamic and energetic environment. This fusion resulted in the not only the 

formation of the products mentioned above, but also a small proportion of lithium-7. The 

nucleosynthesis of the remaining elements continued and continues today massive stars and 

supernova explosions, as well as spallation processes resulting from collisions between pre-

existing nuclei and cosmic rays.   

Radioactive decay is the result of a spontaneous change within the nucleus of an atom; it results 

in the emission of particles (alpha and beta particles) or and in many cases electromagnetic 

radiation (gamma rays). This decay is behind three phenomena: 1/ the emission of high energy 

radiation that may be harmful to living organism exposed to it, 2/ the release of decay energy 

that accounts for the internal heating of Earth’s core, and 3/ the generation of daughter nuclides 

can be used for geochronology (White, 2018; Gilmore et al., 2008; Lilley et al., 2001). There 

are various reasons why naturally unstable isotopes were found in the environment:  

1) Long-lived isotopes: some radioactive nuclides that have very long half-lives were created 

during the formation of the solar system (~ 4.6 billion years ago) and nuclear energy production 

for civil and defence purposes (including the whole fuel cycle from uranium mining, fuel 

fabrication, reactor operation, reprocessing, etc), the fabrication of nuclear weapons, 

radioisotope production, and their use in industrial processes, e.g., industrial radiography, 
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sterilisation, medical diagnostics; further, it was these that were involved in reactor accidents, 

and which are present in the re-entry into the atmosphere of satellites, some of which carry on 

board small fission reactors (De Cort et al., 1998). Furthermore, a significant number of nuclear 

tests were carried out between 1945 and 1964, but after Limited Test Ban Treaty, test were 

conducted mainly underground (or underwater), in all types of settings: ~25 % in the 

atmosphere, 75 % underground and 3 % underwater; Prăvălie, 2014). Approximately 90 % of 

these tests were conducted in the northern hemisphere, especially by the USA, Russia (USSR), 

and China, and the other 10 % (~ 208 tests) in the southern hemisphere by France and the UK 

(Prăvălie, 2014). Consequently, the northern hemisphere is more contaminated than the 

southern as a result of the presence of large quantities of radioactive isotopes (e.g., 3H, 14C, 

90Sr, 137Cs) released into the atmosphere in fallout (UNSCEAR, 2000b). It is important to note 

that NPP catastrophes like Chernobyl (1986) was caused by elevated radiation in the northern 

hemisphere. Therefore, environment has always been radioactive and certain level of 

radioactivity, and this natural radiation accounts for up to ~80 % of the annual dose received 

by the population, whereas medical procedures are the source of most of the remaining ~20 %. 

Less than 1% of exposure is due to the fallout from past testing of nuclear weapons or the 

generation of electricity in nuclear power plants, as well as from coal power plants (Cinelli et 

al., 2019). Although public concern about radioactivity is mainly focussed on man-made 

sources of radiation, particularly nuclear facilities, by far the largest contribution to public 

exposure is natural in origin, being present because of long-lived isotopes and their decay 

processes. 

2.1 Exposure pathways of external and internal radiations 

Radionuclides may be subjected to biogeochemical processes and this, together with 

transportability, can influence the environment through bioaccumulation, with the results being 

hazardous to the environment and humans (Ahmad et al., 2019). Primordial radionuclides are 

present in the atmosphere, having either terrestrial or cosmogenic origin, and can be inhaled 

directly by humans or removed from the air by other pathways. These particles can be washed 

out from the atmosphere when air currents cannot keep them suspended, or during precipitation, 

and may be deposited in water, on the soil, or on any kind of surface. These particles may 

subsequently return to the atmosphere by resuspension, which occurs when wind or some other 

natural or human activity generates clouds of dust containing these radionuclides, or through 

water evaporation (Cinelli et al, 2019). Thus, we can see that our environment causes an 

external radiation dose to the human organism due to cosmic radiation and radiation from 
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terrestrial radionuclides present in soil, rocks and building materials etc. (UNSCEAR, 2010; 

Cinelli et al, 2019). Furthermore, it should be noted that radionuclides are easily absorbed into 

the food chain through these processes. Plants are capable of absorbing radionuclides just as 

well as minerals. Animals consume plants and water, and therefore any radionuclides found in 

these sources will end up in their bodies. Subsequently, water, plants and animals will be 

consumed by humans, and natural radionuclides enter the human organism, causing internal 

exposure (UNSCEAR, 2010; Cinelli et al, 2019). We are exposed to radiation in our everyday 

lives without realising it because radiation dose limits have historically focused exclusively on 

human health protection. The unit of radiation exposure doses a person receives is given in 

Sieverts (Sv), and the larger effects of radiation to which the human body is exposed, the higher 

the value. An estimated value of world-wide average annual public exposure to natural 

radiation sources remains at 2.4 mSv y-1 (UNSCEAR, 2010). Despite this, radiation exposure 

can also vary depending on local geology, as also on altitude, with a range between 1 and 10 

mSv y-1, and indeed even going as high as 50 mSv y-1 (e.g., Brazil and Sudan average exposures 

up to about ~40 mSv y-1) (Link 1). Exposure to increased levels of radiation can be harmful to 

human health, and radiation can also can ionise or excite atoms while passing through the 

tissues thereby altering the structure of the cells. The effects of radiation can be divided into 

two ways, deterministic and stochastic. Deterministic effects are characterised by a threshold 

beneath which no cell damage is to be observed, while above it, cell damage increases with 

dose rate (mSv). Radiation effects may result in acute radiation exposure syndrome 

immediately after irradiation, and yet induce no cancer (Cinelli et al., 2019). The stochastic 

effects of ionising radiation are chance events, with the probability of the effect increasing with 

dose rate, but severity of the effect is independent of the dose received. It is primarily to this 

kind of effect that cancer risk and genetic disorders are related (Cinelli et al., 2019). There is 

no threshold in stochastic effects; whether there are any noticeable effects in the human body 

as result of radiation exposure depends on the type of radiation exposure (i.e., internal or 

external, whole-body or local, and which area of body was exposed in the event of local 

exposure, furthermore, the radiation dose rate and exposure period (Link 2). Although 238U 

(226Ra) and 232Th are α emitters and are characterised as radiotoxic isotopes, usually only 

relatively low doses are likely to be received from any pure 238U and 232Th sources because of 

their long half-life. Additionally, the estimated global average annual per capita effective dose 

due to atmospheric nuclear weapons testing was highest in 1963 (0.11 mSv y-1), and 

subsequently declined to less than 0.006 mSv in 1990s. Because of this, radiation exposure 
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from man-made sources is still primarily caused by nuclear tests conducted some decades ago 

(UNSCEAR, 2010).  

2.2 Geochemistry of elements studied and their radionuclides  

2.2.1 Uranium (U, 226Ra) 

Uranium (U) is a refractory lithophile metallic element in the actinide series of the periodic 

table, with atomic number 92, and an atomic weight of 238.0289. The specific gravity of U is 

18.95 g/cm3, which makes it the fourth in line with respect to density after Pt, Au, Os and W. 

Uranium is a pyrophoric metal when finely ground. It is malleable, ductile and slightly 

paramagnetic (White, 2018). 

In nature, the two common valence states are tetravalent (+IV) under reducing and hexavalent 

(+VI) under oxidising conditions. Uranium is highly mobile and soluble under near-surface 

oxidising conditions. Under most conditions, U geochemistry is controlled by redox conditions, 

pH, carbonate concentrations and sorption capacity. On the surface of the Earth (i.e., in an 

oxidative environment), U is present predominantly in U6+ in the form of UO2
2+ (uranyl ion) 

and its associated hydroxyl complexes for low pH values, which is also the most stable and 

mobile form. In anaerobic conditions, it can reduce to the U4+ state in U(OH)4 and U(OH)3 

where it is insoluble and therefore far less mobile than U6+ (Bourdon et al., 2003), or it will 

react with sulfide, forming a solid phase. At neutral pH, U4+ can precipitate as UO3*2H2O. 

Under saturated conditions, U6+ can readily adsorb to iron (III) oxyhydroxides (ferrihydrite, 

goethite, hematite) and clay minerals (Singh, 2010).  

Isotopes and decay series: Naturally occurring uranium isotopes are 238U (T1/2 = 4.468 ± 

0.0048 G years, 99.2745 % of total U mass) and 235U (T1/2 = 0.70381 ± 0.00096 G years, 

0.720 % of total U mass). Both decay in their own ways through extended and complex 

radioactive decay series, ending in stable 206Pb and 207Pb (Figure 1), respectively. Furthermore, 

234U (T1/2 = 245, 250 ± 490 years, 0.0055 % of total natural U) is a decay product of 238U, and 

its natural abundance is a reflection of the radioactive equilibrium with 238U. Additionally, with 

a mass number ranging from 227 to 240 several U isotopes (e.g., 231U) exist, though, their short 

half-lives exclude any natural occurrence (Vivo et al., 1984). The 238U-series terminates in the 

stable isotope 206Pb, and during this decay (Figure 1), eight alpha particles are released. The 

235U decay series ends in the stable isotope 207Pb, and seven alpha particles are released (Figure 

1). If the decay chain is undisturbed, it reaches a steady state called secular equilibrium, and 

the abundance of short-lived intermediate nuclides is then controlled by their half-lives (T1/2). 

However, this secular equilibrium can be perturbed by physical or chemical processes (e.g., 
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crystallisation/precipitation, water-rock interaction, or nuclear properties) that lead to a 

fractionation between isotopes of the U decay (White, 2018). This disintegration (decay) 

probability is a fundamental property of an atomic nucleus and remains equal over time (Lilley, 

2001; Gilmore, 2008). This type of alpha decay is related to heavy nuclei with, Z ≥ 82 (Lilley, 

2001), which emit nucleus ( 𝐻𝑒2
4 )+  during decaying. Radium-226 to 222Rn ( 𝑅88

226 𝑎 → 𝑅86
222 𝑛  +

𝐻2
4 𝑒 + 𝑄) is accompanied 𝛼  energy release of 4.484 MeV (Figure 1). A fixed quantity of 

energy, 𝑄, equal to the difference in mass between the initial nuclides and final products, is 

released. This energy must be shared between the Rn and He in a definite ratio because of the 

conservation of momentum (Gilmore, 2008).  

Radium has no stable or long-lived isotopes and exists in nature only because it is continually 

produced by radioactive decay, ultimately of U and Th. Its longest-lived and consequently most 

abundant isotope, 226Ra (t1/2 = 1599 years; common valences: 2+), is part of the 238U decay 

series chain and the daughter of 230Th (Figure 1). Concentrations in the silicates of the Earth’s 

crust listed here assume 226Ra is in secular radioactive equilibrium with 238U; other isotopes are 

orders of magnitude less abundant. Based on the extent of radioactive disequilibrium between 

parent and daughter nuclides, Ra isotopes, like other nuclides in the U-series decay chain, can 

be useful geochronological tools particularly useful in magmatic processes (White, 2018). The 

radionuclide 226Ra is a natural component of the environment, and may also be of 

anthropogenic origin, coming mainly from phosphate and potassium fertilisers, radioactive 

waste, luminising wastes, coal combustion, and cement factories. Uranium mining and 

processing is also a significant source of 226Ra. The mean concentration of 226Ra in coal is of 

the order of 1 Bq g-1 and soil surrounding coal-fired power plant. Radium has no biological 

function; its toxicity derives from its radioactivity. As an alpha-emitter (Figure 1), it is 

particularly damaging to tissue when inhaled or ingested. Of particular interest is the case 

where 235U undergoes nuclear fission, when the nucleus takes up a neutron to become 236U 

( 𝑈92
235  +  𝑛0

1 =  𝑈92
236 ), and due to its unstable nature, splits apart. This kind of decay, the 

transition of an excited nucleus to a lower energy state or to the ground state by the emission 

of γ-radiation (photons), is not considered a process of disintegration, but rather de-excitation 

(Lilley, 2001).  
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Figure 1. Schematic diagram of 238U and 235U decay series. The grayscale indicates half-life, 

with darker greys for longer half-lives (Bourdon et al., 2003). 

Distribution in minerals, rocks: Due to its large ionic radius and high charge, uranium is not 

easily incorporated into the crystal structures of common rock-forming silicates (White, 2018). 

There are 2 major factors that influence the U content in the environment (i) detrital source 

mineralogy, and (ii) the redox chemistry of U, which is strongly influenced by the geochemical 

processes operating during the weathering of source rock and sediment transport within the 

depositional environment and during subsequent burial diagenesis. The geochemical 

particularities of elevated U concentrations are to be expected in metamorphic (sedimentary) 

rocks, and as ore deposits in sedimentary rocks rich in organic matter (Cinelli et al., 2019). 

Taken together, these facts mean that in general at a given oxidation state, the heavier actinides 

like U will be more easily incorporated in minerals than the lighter ones, like Th (Bourdon et 

al., 2003). Therefore, the main ore minerals for U are pitchblende (UO2 and UO3) and uraninite 

(UO2 and UO3); theoretically, these two contain up to 85% of uranium. However, the majority 

of U-bearing minerals contain U in only small or trace amounts (Singh, 2010). The median U 

concentration in the upper continental crust (UCC) is 2.7 mg kg-1 (Rudnick & Gao, 2004). 
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According to the FOREGS dataset, total U concentration (mg kg-1) varies from <0.1 to 30.3 in 

subsoils and from 0.2 to 53.2 in topsoil, with a median of 2.0 and 2.0, respectively (Salminen 

et al., 2005). At the same time, elevated U concentrations in subsoil occur in relation with 

granitic rocks.  

Uses of uranium: Due to its heavy weight U is used for inertial guidance devices, 

gyrocompasses, and as ballast in missile re-entry vehicles. Armour-piercing munitions and tank 

armour both use so-called depleted uranium (depleted 235U). To create high-energy X-rays, 

pure U is also employed as an X-ray target. Enriched U metal has higher than natural abundance 

of 235U and is as fuel for nuclear reactors (White, 2018). It should be noted that, the naturally 

occurring uranium isotopes (238U(226Ra)) have both been concentrated in certain environments 

which may be accessed by humans or have been uncovered during human activities such as 

manufacturing, mineral extraction, mining, and coal-production processing. Four primary 

sources of industrial activities can enhance certain elements of the environment, including soil, 

sediment and water, and the biosphere with U: (1) nuclear fuel cycle from U mining to water 

processing; (2) the military use of depleted U; (3) the production of coal, and (4) the agricultural 

use of phosphate fertilisers (Garnier et al., 2001).  

Toxicity: U is a radiotoxic and a carcinogen element, and its harmfulness is principally 

considered to lie in its radioactivity and that of its decay products rather than in its chemistry. 

Three types of radiation to which humans and other life forms are exposed derive from U: 

firstly, external, essentially from U and its decay products present in rocks and soils; secondly, 

internal, from the ingestion of food and drinking water containing trace amounts of U and/or 

radium; and thirdly, the inhalation of dust particles containing 238U decay products (Figure 1) 

like radon. Intake levels of 20-40 mg U can result in kidney damage and even failure (White, 

2018). The long-term retention in the lungs of large quantities of inhaled insoluble U particles 

can lead to serious respiratory problems, as many seen on the Agency for Toxic Substances 

and Disease Registry toxicity lists (ASTDR, 2013). 

2.2.2 Thorium (Th, 232Th) 

Thorium (Th) is a refractory, lithophile and an actinide series element with the atomic number 

90, and an atomic weight of 232.038. The density of the pure metal form is 11.72 g/cm3. When 

pure, thorium is a silvery-white metal that is air-stable and retains its lustre for several months. 

When contaminated with the oxide, thorium slowly tarnishes in air, becoming grey and finally 

black.  The metal is incredibly ductile, very soft and rollable. Its purity determines its 

characteristics, and the most prevalent impurity is oxide, which makes the substance more 
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brittle (White, 2018). Thorium is electropositive, has only one oxidation state, and in solution 

it is present as Th4+. However, the ionic radius of Th results in behaviour as a trace metal in 

solids which is quite different to that of Zr or Hf. Thorium metal can be dissolved easily in 

concentrated hydrochloric acid or in aqua regia (White, 2018). Under all environmental 

conditions Th displays low mobility, mainly due to the high stability of its insoluble oxide 

(ThO2) and the strongly resistant nature of its ore minerals. Thorium cannot be oxidised to a 

stable cation equivalent to the highly mobile uranyl ion UO2
2+. The soluble species Th(SO4)

2+ 

may form pH < 3 under aerobic conditions. Any Th released into solution will be rapidly 

associated by clay minerals and hydrolysed to the hydrous oxide Th(OH)4, which will be 

intimately associated with the clay mineral fraction (Salminen et al., 2005). 

Isotope and decay series: Thorium has six naturally occurring isotopes, and of all known 

radioactive isotopes of Th, 232Th has the longest half-life (1.41*1010 years) and comprises 

99.98 % of the total Th mass. It is estimated to be about three times more abundant than U in 

the Earth’s crust (10.5 mg kg-1; Rudnick & Gao, 2004).  

Table 1. Thorium isotopes and their use in geosciences.  

Isotope Half-life Decay Parent Application 
234Th 24.1 days 𝛽 238U Elemental scavenging, particle/carbon 

fluxes in the oceans, particle mixing 
232Th 14.01 Gyr 𝛽 Th Trace element, Pb isotope 
230Th 75.584 (±110) 

year 

𝛽 234U Elemental scavenging, sediment dating, 

coral growth dating, magma chamber 

dynamics, melt transport 
228Th 1.912 (±0.002) 

year 

𝛽 228Ac Particle/carbon flux in the oceans 

227Th 18.72 days 𝛽 227Ac Particle/carbon flux in the oceans 

 

The decay chains of natural Th and U give rise to minute traces of 228Th (half-life: 1.912 (±

0.002) year, 230Th (half-life: 75.584 (±110) year); and 234Th (half-life: 24.1 days), however 

the presence of these mass terms is negligible (Table 1; Figure 2). Thorium-232 decays to the 

stable Pb isotope 208Pb (Figure 2).    
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Post-transition metal

 

Figure 2. Schematic drawing of 232Th decay series. The grayscale reflects the half-life, with 

darker greys for longer half-lives (Bourdon et al., 2003).  

Distribution in minerals, rocks: Thorium is mainly present at minor to trace concentration 

levels (< 1 g/100 g) in minerals such as zircon and apatite, and it is a major component (> 1 

g/100 g) in monazite ((Ce, La, Nd, Th), (PO4)) and the rare minerals thorite (ThSiO4) and 

thorianite (ThO2). Because of its sensitivity to magmatic differentiation and concentration in 

the late stages of crystallisation, it is enriched in granitic rocks. Thorium is immobile and tends 

to be geochemically separated from mobile mineral fractions (e.g., U) during weathering and 

the alteration of primary minerals from igneous parent rocks. 

Thus, Th concentrates in resistant detrital heavy minerals (e.g., zircons, monazite, apatite, etc.); 

or if released during weathering, it is strongly adsorbed by clay minerals and iron and 

manganese oxyhydroxides (Cinelli et al., 2019). The median concentration of Th at the UCC 

is 10.5 mg kg-1 (Rudnik & Gao, 2004). According to the FOREGS dataset the median Th 

content is 8.0 mg kg-1 in subsoil and 7.2 mg kg-1 in topsoil; the range varies from <0.1 to 71.7 

mg kg-1 in subsoil and 0.3 to 75.9 mg kg-1 in topsoil. The average ratio of top/subsoil is 0.925. 

Th normally has a higher background in granite, gneiss and alkaline rock in northern Europe 
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as a result of climate or pH-determined paedogenic processes, particularly leaching (Salminen 

et al., 2005). Thus, Th sub- and topsoil are similar in Europe. 

Uses of thorium: Th (and U) mining, milling and processing, phosphate rock processing and 

phosphate fertiliser production, and coal-fired power plant utilities and industrial boilers are 

the primary anthropogenic sources of thorium in the environment (ASTDR, 2017).  

Toxicity: It has no biological function, but is rather chemo toxic, radiotoxic and a carcinogenic 

element. In the environment, Th behaves similarly to the REEs, substituting for Ca in bones 

and teeth. Based on the ASTDR (2017) report, children may be more susceptible to both the 

chemical and radiological effects of Th than adults. Long-term exposure to Th increases the 

chances of developing lung diseases, pancreatic and bone cancer (Salminen et al., 2005).  

2.2.3 Potassium (K, 40K) 

Potassium (K) is an alkali metal (oxidation state: +1) with an atomic mass of 19 and atomic 

weight of 39.098. It is as a lithophile (and biophile) due to its large atomic and ionic radii and 

its affinity. Native K is a low-density (0.89 g/cm3) metal that is malleable, ductile, and 

thermally and electrically conductive (White, 2018). Potassium is highly reactive under 

ambient atmospheric conditions.  

Chemistry: Elemental K tarnishes rapidly in the presence of oxygen gas (O2), and in the 

presence of liquid water (H2O), K reacts aggressively to form potassium hydroxide (KOH) and 

flammable hydrogen gas (H2), which exothermic chemical reaction releases significant heat in 

the form of a characteristic lilac flame (White, 2018). Potassium is highly soluble and occurs 

as the simple cation K+ over the entire stability of field of natural water. It is mostly limited by 

three processes: (i) it is readily incorporated into clay mineral lattices because of its large size; 

(ii) it is absorbed more strongly than Na+ on the surfaces of clay minerals and organic matter; 

(iii) it is readily taken up by growing plants. Consequently, K concentrations exceeding a few 

tens of mg/l are unusual, except in water with a high dissolved solids content or water from 

hydrothermal systems (Salminen et al., 2005). 

Isotope and decay series: Potassium has three natural isotopes, including two stable ones, 

namely 39K (93.3 % of total), 41K (6.7 % of total) and the long lived radioactive 40K (1 248 

million years; 0.0117 % of total), which decays to either 40Ca (89.3 % = 1.311 MeV) by 

emitting a beta particle or to the gas 40Ar (10.7 %) emitting a gamma-ray photon of energy 1.51 

MeV after electron capture or positron emission. It is the 8th most abundant element in the 

Earth’s crust. Because the average human body contains between 100 and 150 g of K, 

thousands of atoms of 40K decay within our bodies each second, leading some communities to 
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consider K as a “natural” cause of genetic mutation in humans and other animals and plants 

(Cinelli et al., 2019).  

Distribution in minerals, rocks: Potassium is a major element in many igneous and 

metamorphic rocks and in chemically precipitated sedimentary rocks. Igneous rocks display an 

abundance of main K silicate minerals, such as feldspars, micas and amphiboles. Potassium is, 

therefore, a major element in granites, granodiorites, rhyolites, and syenites (Cinelli et al., 

2019). In the median UCC, (K2O) is 2.8 m/m % (Rudnik & Gao, 2004). Based on the FOREGS 

dataset (Salminen et al., 2005), the median K2O content (m/m %) is 2.02 in subsoil and 1.92 in 

topsoil, with a range between <0.01 and 6.0. The average ratio of topsoil to subsoil is 0.940. 

Elevated K2O content is found over Alpine terrains, and in Greece and Bulgaria (Cinelli et al., 

2019). Other enhanced K content may be related to sea spray, regional mineral dust, smoke 

from biomass burning (K+), industrial emissions and in plant debris (Lazo et al., 2019).  

Anthropogenic sources: The consumption of K in commercial industry is primarily 

determined by the use of agricultural fertilisers (approximately 85% of US potash sales), with 

significantly smaller quantities used to manufacture potassium hydroxide (KOH), potassium 

chloride (KCl), and potassium carbonate (K2CO3), which are used in several ways: as industrial 

water treatments, in soap manufacturing, in metal treatment and recycling, in fire extinguishers; 

in textiles and in food products. Also, many K-salts have medical and chemical applications. 

A high level of K+ in soil water can, however, cause damage to germinating seedlings, inhibit 

the uptake of other minerals and reduce the quality of crops.  

Toxicity: K is an essential element for all organisms. Its main role is as an electrolyte in the 

regulation of blood pressure, regulating intracellular fluids, solubilising proteins, operating 

nerve impulses, maintaining healthy blood pH levels, bone support and muscle contraction; K 

is also essential to the functioning of the nerves, kidneys and a host of other body processes. 

Potassium homeostasis is maintained by balancing consumption of K-containing 

foods/supplements along with the elimination of excess K through urine and to a lesser extent 

sweat. Kidney malfunction and/or the consumption of laxatives and diuretics, or the 

consumption of drinks such as alcohol, coffee, and other caffeinated drinks, can contribute to 

excessive losses and lead to a deficiency of K in the body, a condition known as hypokalaemia 

(White, 2018). Together with N and P, potassium is essential for the survival of plants. Its 

presence is of great importance for soil health, plant growth and animal nutrition. Its primary 

function in plants is in the maintenance of osmotic pressure and cell size, thereby influencing 
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photosynthesis and energy production. Potassium-40 appears at 219 in the Agency for Toxic 

Substances and Disease Registry toxicity lists (ASTDR, 2017).  

2.2.4 Cesium (Cs, 137Cs) 

Cesium shows lithophile properties and is rare element of the naturally occurring alkali metals 

in terrestrial environments, with an atomic number of 55 and atomic weight of 132.905. Cesium 

is a reactive alkali metal.  

Chemistry: Cesium is often very soluble in aqueous solutions and is almost always bound by 

electrostatic interactions to a variety of anions as Cs+1.  Cesium is water-soluble and can rapidly 

enter the biological cycles and accumulate in terrestrial ecosystems, behaving in a very similar 

way to potassium (K). It is known that Cs can be adsorbed both reversibly or irreversibly onto 

the clay minerals found in soils and sediments. Laboratory experiments on clay minerals 

showed that Cs has the most suitable hydrated ion size for adsorption on Frayed edge sites 

(FES). It can be adsorbed favourably because it has a relatively high charge density compared 

to other monovalent ions. Once Cs is dehydrated (based on the hydration energy), other cations 

can be hydrated (Lee et al., 2017). Cesium, with a large ionic radius similar to that of K+, tends 

to display geochemical behaviour similar to that of K+, and therefore in silicate rocks it tends 

to occur in greatest concentrations in K-rich minerals such as clay mineral (illite) and micas or 

feldspars (Salminen et al., 2005; White, 2018).  

Isotope and decay series: There is one natural occurring stable isotope of the element, 133Cs 

(100 % of total), while there are two synthetic radioisotopes (134Cs and 137Cs) produced by 

nuclear power plants, in accidents and also as fallout from nuclear weapons testing. However, 

there are 40 known radioactive isotopes of Cs, with atomic masses of 112–151. One of the 

many of these Cs isotopes, 137Cs, is of special concern because it is a by-product of atomic 

energy production, with a half-life of 30.2 years and is characterized by high bioavailability. 

The nuclear fission of 235U yields 137Cs as a product emitting gamma-radiation (photons). This 

type of radiation is usually emitted in combination with beta or alpha decay occur first and it 

is followed gamma radiation (from excited daughter nuclei), following which nuclei are usually 

left on an intermediate energy level. The energy of the γ-rays emitted (not a particle with mass, 

but a high energy photon) is monoenergetic, characteristic of the parent isotope, and may range 

in energy from the keV range to the MeV range. Regarding the form of the decay scheme 

(Figure 3), 137Cs decays to 137Ba ( 𝐶𝑠55
137 → 𝐵𝑎56

137𝑚 + hv (γ-ray photons) (Figure 3) and its 

gamma emissions decay to decays to a stable state at 0.662 MeV. Two  𝛽- decay channels are 

present, accounting for  94.7% of 𝛽- decays, proceeding from 137Cs to an excited state of 137Bam 
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with a maximum electron energy of 0.514 MeV ( 𝐶𝑠55
137 → 𝐵𝑎56

137𝑚  + 𝑒^ − + 𝑣 ̅ + Q (514 keV) 

(Figure 3). Accordingly, 137Ba is generated in metastable state with a half-life of 2.55 min, it 

does, however become stable after the release of a photon in the form of γ radiation ( 𝐶𝑠55
137 →

𝐵𝑎56
137𝑚  + hv (662 keV). 

 

Figure 3. Cesium-137 decay scheme 

The other 5.4% of 𝛽- decay passes directly from 137Cs to the ground state of 137Ba with an 

electron energy of 1.176 MeV ( 𝐶𝑠55
137 → 𝐵𝑎56

137𝑚  + 𝑒^ − + 𝑣 ̅ + Q (1176 keV)), (Figure 3). The 

general geochemical characteristics of 137Cs is the same as the predominant, stable 133Cs. Since 

Cs is strongly retained in the upper layer of mineral and organic soils and its vertical migration 

is limited (Ritchie & McHenry, 1990), the study of 137Cs can be used as a tracer for 

resuspension, transport and deposition processes.  

Distribution in minerals, rocks: Only one Cs-bearing mineral exists (pollucite: H4Cs4Si9O27), 

which contains max.  32 m/m % Cs2O and has a number of commercial uses. Most Cs, however, 

is dispersed, and found in some common minerals, like micas and feldspars. The upper crustal 

abundance of Cs is of roughly 2.6 mg kg-1 (Rudnik & Gao, 2004).  

Anthropogenic source: The main current use of non-radioactive Cs is in drilling fluids for the 

oil sector, along with its use in atomic clocks and other electrical devices (White, 2018). The 

Comprehensive Nuclear-Test-Ban Treaty Organization (CTBTO) introduced a list of 47 

relevant1 Cs fission products in 1999. Among those radioactive isotopes, 137Cs has been used 

as a tracer in hydrologic research, in applications similar to those of 3H (White, 2018). Both of 

these isotopes are produced largely by atomic bomb tests. With the initiation of nuclear testing 

in 1945, Cs isotopes were discharged into the atmosphere, where they are dispersed and 

 
1
In this content ‘relevant’ means that the nuclide would be produced in sufficient amounts and its half-life is long enough to 

give a reasonable chance of detection some days after the test (CTBTO, 1999) 
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deposited into environment returned to the Earth's surface as radioactive fallout (Figure 4) and  

where they can be exposed (a) externally to radiation from radioactive plumes, and (b) in 

internally as a result of inhaling radioactive material from the plumes (Figure 4). Therefore, 

later major nuclear accidents (Chernobyl 1986 and Fukushima 2011) have played the largest 

role in the distribution of 137Cs into the ambient environment. The radiological importance of 

a given nuclide depends on the amount released during the accident, its radiation characteristics 

and how effectively it is transferred through the ambient environment to the public (De Corte 

et al., 1998).  

 

 

Figure 4. Environmental pathway of 137Cs (Ritchie and McHenry, 1990) 

The mining and processing of pollucite ore could also be a source of contamination. Coal ash 

from coal burning and municipal waste incineration may also be sources of 137Cs (Kabata-

Pendias, 2011). 

 

Toxicity: Cs is not an essential element to plants and humans. Ingestion of any Cs compound 

is generally to be avoided; however, humans sufficiently exposed to enough stable (133Cs) and 

radioactive cesium (134Cs and 137Cs) may experience health effects due to its gamma emission 

with a component. With respect to its biogeochemical properties, 137Cs is readily soluble in 

water, and in solution, it can be efficiently taken up by plants and assimilated by animals 

because of its chemical similarity to the essential nutrient K (Ashraf et al., 2014). Over a time, 

small soil particles holding 137Cs can move through the environment via wind and be re-

suspended into airborne materials: in the case of sufficiently small particles, these could be 

inhaled and enter into the food chain and be ingested.  
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3. Materials and Methods 

3.1 Studied urban areas 

3.1.1 Salgótarján  

Salgótarján (48.0853°N, 19.7868°E), the capital of the Nógrad county, was a major mining and 

industrial city, which played a significant economic role in Hungary in the 19th and 20th 

centuries. Its population today is about ~33000. The city is situated in the encircled by the 

Karancs and Medves Mountains (Figure 5A), at height above sea level varying between 220 

and 500 m, with a total area of 103 km2 (Figure 5B). This area belongs to the temperate 

continental climate zone, with variable weather conditions, and well-marked cold and warm 

seasons. The annual average temperature and precipitations are 8 - 9°C and 593 mm (Bihari et 

al., 2018). The rocks covering the study area are volcanic and sedimentary formations 

(siliciclastic sandstone), (Kercsmar et al., 2010). The Miocene Salgótarján brown coal is 

embedded in the sedimentary formation and was used as a local energy source. Brown forest 

soil is the dominant soil type (Figure 5B) (Kercsmár et al., 2010). 

Salgótarján had existed as a village for centuries, and in the 1850s brown coal was discovered. 

The foundation and development of ironwork started in the mid-18th century when brown coal 

deposits were discovered in the settlements. As a result of the iron and steel works, glassworks, 

mining machine factory, stove factory, and ferroalloy factory located along the main roads, 

Salgótarján was considered a multi-industrial town. The town and its adjacent area were 

provided with energy from the coal-fired power plant (Figure 6A), which was fed with the local 

brown coal mines (Figure 5B).  

Approx. 17 million metric tons of coal were extracted from the brown coal mining (Wirth et 

al., 2012). As a consequence (not of this alone, but also of the industry and related activity), 

Salgótarján and its environment were polluted by several sources, such as coal production, the 

local CFPP (called Vizválasztó; Figure 5B, 6B), iron/steel works, machine and glass factories. 

As a result, the residuals of coal combustion (e.g., coal ash) and industrial activities (steel and 

glass slags) were released into the environment without any regulation and (piled up, in some 

cases literally, in the town (for instance, the Kucsord Hill slag hill, or the Pintértelep coal ash 

cone as disposal site (Figure 6A), the Inászó former mine site), (Figure 5B). Currently, the 

kitchen stove industry is still active in the city. 
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3.1.2 Ózd  

Ózd (48.2241°N, 20.2889°E) is located 40 km northeast of Salgótarján, at 150-200 m above 

sea level in Borsod-Abúj-Zemplén county, Hungary, with a total area of 92 km2 and population 

~33000 (Figure 5C). The main geological formations of the Ózd study area are Neogene 

sedimentary (sandstones, marl and brown coal) and acidic pyroclastic rocks (Kercsmár et al., 

2010). Brown forest soil is dominant in this county. The prevailing wind direction is northerly. 

The region has an 8-9˚C average annual temperature and 700-800 mm average annual 

precipitation (Bihari et al., 2018).  

Ózd also played a significant role in the Hungarian iron and steel industry between 1835 and 

1990, while coal mines had operated since the 18th century and produced coal for iron and steel 

works (Figure 5C). Currently, a new steel factory (Figure 5C) is in operation in the northeastern 

part of Ózd. The industrial production of iron and steel wastes (named smelter slag) have 

accumulated without any regulation in the whole city area and outskirts such as slag dumps 

(Figure 5C).  

As a consequence of the collapse of the old communist system, from the latter half of the 1980s, 

industrial production started to decrease, the shutting down of coal mines and most of the 

traditional heavy industries (Wirth et al., 2012) dramatically changed the employment rate, 

standard of living, and demographics of the whole region. This economic and social shift 

resulted in remarkable changes in the landscape of cities, where the reconstruction of new 

public establishments and facilities (particularly schools and kindergartens) and open-air 

recreation areas (playgrounds and parks) started. However, the footprint of the significant and 

long-term (at least 170 years) heavy industrial activities (coal mining, heavy industry, and 

transportation) can be recognised even today in both settlements due to the presence of 

potential contamination sources (e.g., the derelict remains of former smelters, coal mines, coal- 

fired the power plant, slag heaps and coal ash cones, etc.), (Figure 5C). 
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Figure 5. A. Carpathian-Pannonian region, showing the geographical setting of the two cities 

studied (Salgátarján and Ózd). Color coding is as follows: brown - mountains (Carpathian 

Chain), green - plains (Pannonian Basin), blue - major rivers (Danube −1 and Tisza - 2). 

Studied urban areas. B. Salgórtarján study area: including attic dust, urban soil, brown forest 

soil sampling sites, residential areas, location of coal-fired power plant (Vizválasztó) and slag 

dumps (I- Kucsord slag hill; II- Inászó former brown coal mine; III- Pintértelep coal ash cone), 

CA - coal ash. C. Ózd study area: including attic dust, urban soil and brown forest soil sample, 

location of former steel works (I), present steel works (II), S.S 1 and 2 – smelter slags. In both 

cases, the topographic shaded relief model with elevation contour lines is overlaid. The 

residential area is marked by a contoured irregularly banded striped line. Names in blue names 

indicate local creeks (the Tarján, Salgó and Zagyva for Salgótarján; the Hangony and Hódos 

for Ózd). Map projections are in EPSG:3857, WGS 84 (Mercator system). 

 

Figure 6. (A) Salgótarján coal ash cone at Pintértelep, (B) ruins of the former coal-fired 

power plant at Vizválasztó. The photos were taken by Áron Imre Bognár, 2018. 

3.2 Sampling strategy of attic dust and urban soil samples 

Sampling was designed to inspect 1*1 km2 grid cells covering the Salgótarján and Ózd 

residential area, where representative targeted urban soil samples were selected based on the 

availability of desired site categories: kindergarten, playground, park, and ‘other’ (i.e., 

roadsides, cemeteries, soccer pitch and gardens) sites. In the case of attic dust, from each grid 

cell one attic dust sample was collected from the available buildings (e.g., a family house, 

blockhouse, and kindergarten). Urban soil samples were selected at distances not further than 
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500 m from the corresponding attic dust sampling sites. The sampling strategy is followed by 

international urban soil geochemical mapping by Demetriades et al., 2015.  

A local coal ash sample (CA) was taken from an ash cone of the former CFPP in Salgótarján 

(Figure 5B), and smelter slag samples (SS 1 and 2) from the former and the recent smelter 

dumps in Ózd (Figure 5C). The local geochemical background samples, i.e., brown forest soils 

(Figure 5B and C), were taken from the nearby forest area, at considerable distance (~ 7 km) 

from all potential contamination sources (e.g., the former iron and steel works) in both cities. 

Sampling was carried out in 2016 for Salgótarján and in 2018 for Ózd.  

3.2.1 Urban soil collection 

Soil samples were collected in residential areas of Salgótarján and Ózd including samples from 

surrounding sites, like steel factories, coal mines, different smelter slag dumps, coal-fired 

power plant, and surrounding forests (Figure 5B-C). A ‘zig-zag’ sampling technique (Alloway, 

2013) was used for urban soil based on the availability of desired sampling site categories, such 

as kindergarten (n = 9 and 15), playground (n =11 and 18), park (n = 6 and 4), and others 

(n = 10 and 19; i.e., roadside, cemeteries and gardens) from Salgótarján and Ózd, respectively 

(Table S. 1; S. 2). A total of 36 urban soil samples were collected from Salgótarján and 56 from 

Ózd (Figure 5; Table S. 1; S. 2). At each sampling site, 1-1.5 kg soil samples were gathered 

from a depth 0-15 cm using a steel spade and hand steel auger; these were then mixed 

thoroughly to obtain a bulk sample.  All our selected sampling locations (Table S. 1; S. 2) are 

related to urban activities; therefore, the urban soil samples were considered as disturbed 

samples (Richard et al., 2019). Urban soil is also available in the prevailing shallow rooted 

grass vegetation cover in the urban environment studied. At sampling sites, each sampling point 

was selected at a point where the soil surface was covered by herbaceous vegetation and grass, 

away as far as possible from buildings, roads and trees in order to avoid local contamination 

effects (Figure 7). During the sampling, zip-lock plastic polyethylene bags (an effective means 

of transporting and storing a type of dust from any cross contamination) and powder-free nitrile 

protective gloves (contours of the hand which make easier in detail work; waterproof and 

chemical resistant) were used. At every 10th sampling site, a duplicate sample was collected to 

allow the blind control of the sampling and analytical variability. All relevant information was 

recorded (photographs, GPS coordinates, land cover type, soil type, surrounding characteristics, 

such as local development history, landscape and land use). 
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Figure 7. Photographic documentation of urban soil sampling in a series of photographs: (1) 

Profile of urban soil, (2) Procedure of sampling and removing grass from the top (3) Profile of 

urban soil mixture with coal ash (4) Observation and documentation of the urban soil sample. 

3.2.2 Attic dust collection 

Our attic dust sampling guidance protocol was primarily followed by Völgyesi et al., 2014, in 

which paper other experiences and considerations (Cizdziel et al., 1998, 1999; Cizdziel & 

Hodge, 2000; Davis et al., 2005; Gosar et al., 2006) were compiled.  

The sampling aimed to capture buildings (> 30 years) which had undergone only minimal 

renovation in their roof space. All attics were checked for disturbance by human activity and 

the samples were collected far from the attic entrance and at the best possible point in terms of 

minimising any potential effects of resident activities that might have disturbed them (Völgyesi 

et al., 2014a). The attic floor was not sampled, and organic materials, such as insects, or bird 

faeces, etc., were eliminated during the sampling. Two to twenty g of dust, composed of 3 to 5 

sub-samples were taken primarily from wooden beams (Figure 8), depending on the specific 

conditions prevailing in any given attic. During the sampling, zip-lock plastic polyethylene 
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bags (an effective means of transporting and storing a type of dust safe from any cross 

contamination) and powder-free nitrile protective gloves (following the contours of the hand, 

making it easier for fine work; they are also waterproof and chemical resistant) (Figure 8). To 

avoid cross-contamination, fresh fine brushes and plastic gloves were used to collect each 

sample, including duplicate samples (Figure 8). Notably, in one building within the territory of 

the former iron and steel factory in Ózd we observed a two-layered attic dust accumulation, 

and here it was possible to collect a two dust samples, based on the different colors of the attic 

dust (Figure S. 1); an upper layer (OZD45ADUL) and a lower layer (OZD45ADLL) (Figure 

S. 1) (Tserendorj et al., 2022a). Approx. at every 10th sampling site, a duplicate sample was 

collected to permit the blind control of the sampling and analytical variability.  

 

 

Figure 8. Photographic documentation of attic dust sampling: (1) Attic dust sampling at site, 

(2) Procedure of dust sampling, (3) Appearance of dust in situ on the wooden beam (4) 

Observation and documentation of the dust samples  
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During the sampling process, photographic documentation, geographic coordinates, and 

building characteristics such as the year of built and major reconstruction, roof material, 

function of the building (e.g., family house, church), construction material, slope of the ground 

below the building and elevation (construction height was added) were recorded (Table S. 1; 

S. 2). Residents were interviewed about the development and renovations history to ensure 

undisturbed samples. From Salgótarján a total of 40 attic samples was collected from family 

houses (n = 26), churches (n = 5), kindergartens (n = 3) and blockhouse (n = 2). The sampled 

buildings were built between 1890 and 1989 (Figure 5; Table S. 1; S. 2). From Ózd, 42 attic 

dust samples were collected from family houses (n = 26), from churches (n = 5), kindergarten 

(n = 4) and blockhouses (n = 7). These buildings were constructed between 1790 and 1971 

(Table S. 1; S. 2) 

3.2.3 Sample preparation 

The urban soils were air-dried in the laboratory and passed through 2 mm sieves to obtain a 

representative portion. Following the procedure in Alakangas & Impola (2015), the coning and 

quartering homogenising method was applied to ensure that a given amount of a sample will 

represent the entire sample. The attic dust samples were sieved through a 0.125 mm mesh to 

remove residuals of insects, plants, faeces, wood, debris of construction material, etc. After, 

aliquots of homogenized subsamples were selected for further analysis. All these sample 

sieving and drying procedures were conducted at the Lithosphere Fluid Research laboratory of 

Eötvös Loránd University.  

For elemental analysis, all attic dust and urban soil (including brown forest soil, coal ash and 

smelter slag) samples 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 pulverisation and crushing were 

performed at the Bureau Veritas Mineral Laboratories, Vancouver, Canada, for urban soil 

brown forest soil (BFS) and coal ash samples (CA) and smelter slags (SS 1 and 2). 

For the gamma spectrometry analysis, attic dust samples were sieved through a < 0.125 mm 

mesh sieve to eliminate agglomerated organic materials (e.g., Cizdziel & Hodge, 2000; Ilacqua 

et al., 2003; Völgyesi et al., 2014a). Urban soil samples (including brown forest soil and coal 

ash) were sieved to < 2.0 mm, in line with studies undertaken on similar soils in Spain and 

Serbia, respectively (Charro et al., 2013a, b; Tanic et al., 2016). Sample preparations were done 

at the Lithosphere Fluid Research Laboratory (Eötvös Loránd University).   
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3.2.4 Particle size distribution (PSD) 

All samples were analysed using a Horiba Partica 950-V2 LA Analyzer at the Laser Diffraction 

Particle Size Distribution Analyzer Laboratory at the Research and Instrument Core Facility of 

Faculty of Sciences, Eötvös Loránd University. This instrument is commonly employed for the 

determination of PSD, and the method incorporates the full Mie scattering theory (Horiba, 

2016), which consists of high intensity and scattering monochromatic coherent light that treats 

the particles as a two-dimensional object and determines the particle-size as a function of the 

cross-sectional area (Konert & Vandenberghe, 1997). Consequently, wide measurement ranges, 

fast analysis, exceptional precision, and reliability have made laser diffraction the most popular 

technique in both industrial and scientific fields. According to the international USDA soil 

texture classification the following size fractions were considered: sand (2 - 0.05 mm), silt 

(0.05 - 0.002 mm) and clay (< 0.002 mm), (USDA, 2014). Nevertheless, based on experimental 

results by Konert & Vandenberghe (1997), a proposed grain size of 0.002 mm for the clay 

fraction by the sedimentation method corresponds to an actual grain size of 0.008 mm in laser 

diffraction analysis (Konert & Vandenberghe, 1997). In conformity with widely accepted 

standards (ISO 13320 and USP <429>), each attic dust and urban soil sample was measured 3 

times, as reproducibility should meet specified guidelines (Horiba, 2016). Prior to the analysis, 

Na2P2O7
2 liquid was applied in 24 hours before to disaggregate particles, which was further 

performed by applying to ultrasonic cleaner. From the results, instead of mean (V (intensity 

distribution), %) values median is more frequently. Since mean diameter is only appropriate 

for symmetric distribution (Horiba, 2016). 

3.2.5 Inductively coupled plasma mass spectrometry (ICP-MS) measurements 

In order to assess the extent, U, Th, Cs (mg kg-1) and K (m/m %) were determined in 40 attic 

dust, 36 urban soils, 1 brown forest soil and 1 coal ash collected from Salgótarján; and from 

Ózd, 42 attic dust, 56 urban soil, 1 brown forest soil and 2 smelter slags samples were  analyzed 

(Figure 5; Table S. 1; S. 2). Inductively coupled plasma mass spectrometry (ICP-MS) with a 

quadrupole as a single detector was conducted at the Bureau Veritas Mineral Laboratories, 

Vancouver, Canada. After homogenisation, ~ 1 g (in the case of attic dust) and 15 g (for urban 

soil) samples were digested in modified aqua regia (1:1:1 HNO3: HCl: H2O) at 95° C for 1 

hours till soil solution completely digested (Reimann et al., 2009) in the Bureau Veritas Mineral 

Laboratories, Vancouver, Canada. Analytical quality was checked using certified reference 

 
2
sodium-pyrophosphate 
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materials STD DS11 for U, Th, Cs in mg kg-1 and for K in m/m % elemental contents. The 

analyzed (average) and expected elemental content for STD DS11 are 2.70 and 2.59 mg kg-1 

for U (% recovery: 104.2), 7.60 and 7.65 mg kg-1 for Th (% recovery: 99.3), 2.72 and 2.88 mg 

kg-1 for Cs (% recovery: 94.4) as well as 0.40 and 0.40 m/m % for K (% recovery: 100), 

respectively. 

3.2.6 Gamma spectrometry measurements 

3.2.6.1 Attic dust γ-spectrometry measurement 

Activity concentrations of the 226Ra, 232Th, 40K and 137Cs of the aliquot homogenised 1-2 g of 

attic dust samples were measured using Canberra GCW 6023 well-type HPGe detector (Figure 

9A, B, C) Nuclear Security Department, Centre for Energy Research, Hungary. The shape of 

this detector allows the study of small amounts (low activity) of environmental samples 

because it combines low background with high detection efficiency due to the 4π solid angle, 

as well as shorter counting times (Barba-Lobo et al. 2021, Canberra, 2000; Laborie et al., 2000; 

Nafee et al., 2013). Based on Monte Carlo simulations, its applicable to place measurement 

samples both in the hole and on top of the endcap of a well-type HPGe detector (Unno et al., 

2017), due to the fact that attic dust samples were placed into the detector hole, in this study. 

The active volume of the detector is 300 cm3, the dimensions of the hole are 16 mm in diameter 

and 40 mm in depth (Figure 9A-B). The samples were put in closed cylindrical polyethylene 

plastic vials, while keeping the same sample heights (1.7 mm), while the mass was varied 

(mean 1.77 ± 0.48 gr) (Figure 9D). The relative efficiency of the detector is 62.8 %, with a 

full width at half-maximum (FWHM) of 1.39 keV at 122 keV (57Co) and 2.13 keV at 1332 keV 

(60Co), and a peak/Compton ratio of 63.3/1. The detector was placed in a low background-

counting chamber with 30 cm thick pre-WWII iron shield and a 2 mm thick Cu layer to reduce 

the natural background interference (Figure 9A-C). Measurements were carried out at the 

Nuclear Security Department, Centre for Energy Research, Hungary. Full-energy peak 

efficiency (FEPE) for each selected energy was determined using Monte-Carlo simulations 

(Bognár, 2019), and also certified reference material, IAEA-447 (moss-soil) provided by the 

IAEA, was employed. This reference material contains natural radionuclides belonging to 238U 

and 232Th series.  
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Figure 9. Ultra-low-background Canberra GCW 6023 well-type HPGe detector (Canberra, 

2017). As installed at the laboratory of the Nuclear Security Department, Centre for Energy 

Research, Hungary; b. Schematic drawings of Well-type HPGe detectors fabricated hole; c. 

Figure of chamber with iron cube with a wall thickness of ~30 cm. d. Plastic vials (attic dust 

sample holder) 

As shown in Figure 10 Monte-Carlo simulations (efficiency testing) were proposed to calculate 

detector efficiency using four different geometries of samples (9 mm-1 g; 13.5 mm- 1.5 g; 18 

mm-2 g; 27 mm-3 g) and associated with all energies (keV). For each case, the detection 

efficiency may differ as a result of variation in the filling of the sample amounts. The same 

procedure was also followed with varying densities while keeping the filling height unchanged 

while mass was varied.  

 

Figure 10. Monte-Carlo simulations with different sample heights and distance dependence of      

detector efficiency (Bognár, 2019) 
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3.2.6.2 Urban soil γ-spectrometry measurement 

For urban soils, an average of 100–150 g homogenized samples (urban soil, brown forest soil 

and coal ash) were placed in a radon-leakage-free HDPE sample container (Kis et al., 2013). 

This special theoretically radon-leakage-free sample container made of HDPE was developed 

because this material has advantageous mechanical and radon permeability features (Kis et al., 

2013), and so should, in theory, at least, be free of any leakage of radon. The inner diameter 

and height are 52 and 49.5 mm, respectively (Figure 11A). To reduce the absorption of low-

energy photons, the wall thickness is 3.5 mm at the bottom, and 5 mm elsewhere. The container 

can be sealed using a threaded lid, which fastens a plug to the wall of the container. In order 

for radon and its daughter products to be kept in equilibrium, the container is air and watertight, 

sealed by means of a 2 mm thick Viton FPM 80 Standard fluorocarbon elastomer O-ring 

between the plug and the wall of the container (Kis et al., 2013), as shown in Figure 11B and 

the illustration drawings of the HDPE sample holder (Figure 11C).  

 

Figure 11 a. The low-background counting chamber, ‘DÖME’, with the HPGe detector and the 

HDPE sample container in a close sample-detector setup of the Nuclear Analysis and 

Radiography Laboratory (NARL) of the Centre for Energy Research.  b. Sample container 

made of HDPE with the Viton O-ring, c. Schematic drawings of the HDPE sample holder (Kis 

et al., 2013) 

All measurements were carried out in an n-type HPGe detector (Type: Canberra GR1319, with 

a relative efficiency of 13 %, energy resolution (FWHM) at 1.53 and 1.99 keV at 662 and 1332 

keV, respectively, when the cylindrical detector is 46 mm in diameter and 41 mm in length) in 
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a low background-counting chamber DÖME3 (from the Hungarian acronym of ‘Extremely 

Heavy Measurement Instrument’ (Figure 11) at the Nuclear Analysis and Radiography 

Laboratory, Centre for Energy Research, Hungary. This chamber is made of a 8 ton of pre-

WW2 iron (in fact, from the wreckage of the bombed Elizabeth bridge in Budapest, 1945) to 

mitigate the background effect due to artificial radionuclides (e.g., from atomic bomb tests). It 

has internal dimensions of 800 × 800 × 800 mm (Figure 11). The 150 mm thick iron wall is 

covered inside with a graded shielding consisting of lead (5 mm) and copper (1.5 mm) layers. 

As a result of this passive shielding, the overall background within the chamber is about 1.39 

cps over the energy range of 7-3.150 keV, which compares to 211 cps outside the chamber (a 

reduction factor of almost 152), (Kis et al., 2013).  

All spectra were analysed using Fitzpeaks (Version 3.71) software. All samples were placed in 

the holder at least one month before measurement for them to reach secular equilibrium 

between 226Ra and its progenies. Gamma spectrometry measurements were performed over 

different live times varying between 86400 to 604800 sec (1 – 7 days). Activity concentrations 

were determined for the following set of radionuclides (the selected gamma lines appear in 

brackets): 137Cs (661.9 keV), 40K (1460.8 keV), 232Th (238.6 keV of 212Pb; 583 keV of 208Tl; 

727 keV of 212Bi and 911 keV of 228Ac) and 226Ra (295.2 and 351.9 keV of 214Pb), the decay 

series of 238U. To determine the background distribution in the environment around the detector, 

a count was conducted using an empty container using the same method and in the same 

geometry as the samples. The activity concentration of each radionuclide was calculated using 

the equation: 𝐴 =
𝑁𝑛𝑒𝑡

𝐼𝛾 𝜀 𝑚 𝑡
  [Equation 1] here A is the activity concentration of a certain 

radioactive nuclide, Nnet the net peak area count with the background subtracted; ε is the 

absolute efficiency of the detector;  I(γ) the emission probability of a specific energy photopeak 

t is time for collecting the spectrum of the sample; and m is the weight (gr) of the sample. The 

result is given in units of Bq kg-1. The background spectra were used to correct the net peak 

area of γ-rays of the measured isotopes. The degree of precision achieved in the analysis of 

field duplicates varied by less than 10 % as measured by the ratio of RMSE (root mean square 

error) average. All results of 137Cs activity concentrations decay corrected into sampling date 

of August 2016 (sampling time). An accurate knowledge of the experimental set-up and its 

routine is important in the achievement of a high degree of precision and the quantification of 

the measurement uncertainty. In this case, the accuracy of the sample measurement will depend 

 
3
DÖME’ from its Hungarian name ‘Dögnehéz Mérőeszköz’ meaning in English ‘Extremely Heavy Measurement Instrument’ 
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on knowledge of the sample composition, its homogeneity, and geometrical parameters, 

including those of the sample container, etc. When the uncertainty (error propagation) of final 

activity concentration (activity per unit mass) results are to be found, error propagation has to 

be implemented taking into account the uncertainty of factors included in it, namely, 

uncertainty of the net peak area and of the accuracy of calibration of the germanium detector 

which is added to the error propagation. It should be noted here that, as the (value was <0.001 %, 

the uncertainty in gamma intensity was neglected). Therefore, detailed practical information 

on γ-ray estimate error propagation can be found in the work by Knoll dedicated to this topic 

(Knoll, 2009).  

3.3 Statistical analysis 

3.3.1 Descriptive statistics  

To obtain an overview of the data, descriptive statistics were used and presented on box and 

whiskers plots, where outlying values are determined according to inner-fence criteria (Tukey, 

1977). Box and whiskers plots are basic tools for visualising more than one statistic of a 

parameter on one graph, making interpretation and comparison clearer. The general rule for 

this box is to show the interquartile range (IQR), which measures the innermost 50% of the 

total values (calculating the difference between the 3rd (Q3) and the 1st (Q1) quartiles of the 

data) and the black line in the box represents the median. Two upright (top and bottom) lines 

(the whiskers) represent the data within the 1.5 interquartile range, and extend from the ends 

of the box, usually to the 5th and 95th percentiles (Kovács et al., 2012). Observations lying 

beyond these extremes may be shown as filled dots (outliers) (Davis, 2002), for example, see  

Figure 16 and 18. The interquartile range must be multiplied by a constant to achieve 

conformance with the spread measure of the underlying data distribution. The value is 0.7413 

for an underlying normal distribution. The spread-measure IQR of a normal distribution is 

calculated using the following formula: IQR = 0.7413 × (Q3 – Q1) (Reimann et al., 2008). 

To achieve better interpretation and comparison between locations within one town, or between 

the cities, it is necessary in every possible case (U, Th, K and Cs [mg kg-1] and activity (226Ra, 

232Th, 40K and 137Cs, Bq kg-1) concentrations to visualise the results on spatial maps of some 

type. In addition, the graphical representation of the data distribution can make it apparent if 

the distribution of the variables looks different. It may be preferable to characterise the data 

distribution by number of parameters in a table rather than looking through innumerable data 

distributions (Reimann et al., 2008). To do so, the following general statistical distribution 

measures were identified: the arithmetic mean, mode - highest probability occurrence, median 
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(MED), maximum (MAX), minimum (MIN), range (max - min), Interquartile range, (IQR), 

and standard deviation were used for the data set in this study. All analyses were carried out 

using SPSS and STATIGRAPHs software. The all-data set of each variable will be provided 

in general statistics summary tables (e.g., Table 2, 3, 4).  

3.3.2 Quality Control (QC) 

In an environmental science survey, the purpose of a repeated measurement is to check the 

representativeness of the given sample. The key concepts 4  are accuracy, precision and 

representativeness (Cinelli et al., 2019). In general, accuracy is essentially the absence of bias, 

while precision is the closeness of agreement between independent test results obtained under 

specified conditions (Reimann et al., 2008; Cinelli et al., 2019). During the collection of the 

samples, the analysis of field duplicates in both attic dust and urban soil sampling was carried 

out (frequently, 5- 10 percent). For every 10 samples, one duplicate sample was taken for both 

sampling collections and of field duplicates differed by less than 10% for elemental 

concentrations, and less than 20% for activity concentrations, respectively, as measured by the 

ratio of RMSE (Root mean square error) average: 

 𝑅𝑀𝑆𝐸 =  √
1

𝑁
∑𝑁

𝑖=1 (𝑦𝑖 − �̂�𝑖)2)                                     (Equation 2) 

The insertion of analytical duplicates in experimental analyses (frequently, 10-20 %; Reimann 

et al., 2008) confirmed that the uncertainty remained in the 10% range in laboratory duplicates 

of both measurements (see Table S. 3). 

3.3.3 Comparison of medians 

Based on our findings, the median activity concentrations of measured radionuclides between 

attic dust and urban soil were assessed using the nonparametric Mann-Whitney (Wilcoxon) 

homogeneity test to compare for and significant differences (Mann & Whitney, 1947). The 

Wilcoxon test should always be used when the hypothesis of normality is not justified (e.g., 

Hollander & Wolfe, 1973). For an in-depth analysis and comparison of the attic dust and urban 

soil sample activity concentrations, the data was first tested for normal (Gaussian) distribution 

using the Shapiro-Wilk test since the sample number was rather low (n < 50) (Ghasemi & 

Zahediasl, 2012; Reimann et al., 2008), 95% of the data for normally distributed variables was 

expected to lie within its limits.  

 
4
Repeatability: same method, lab, person, and conditions (ideally). 

  Reproductivity: different methods, labs, and conditions. 
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3.3.4 Strength and direction of relationships between pairs of variables  

The correlation coefficients indicate determine the strength and direction of an association 

between variables (Schober & Schwarte, 2018). Regarding non-normally distributed 

continuous data (distribution free), the Spearman rank method (Spearman, 1904) was employed 

to describe a monotonic relationship between two variables (Schober & Schwarte, 2018; Cinelli 

et al., 2019). Hypothesis tests are used to test the null hypothesis of no correlation, and 

confidence intervals provide a range of plausible values for an estimate. Also, correlations were 

checked by the visual inspection of scatter plots.  

3.3.5 Regression analysis 

Regression is a commonly employed statistical tool that determines the relationship between 

one independent variable and one or more dependent variables via mathematical functions. An 

ordinary least squares straight line equation, 𝑦 = 𝑎 + 𝑏𝑥 , where 𝑥  is independent, 𝑦  is 

dependent, 𝑎 is an intercept and 𝑏 is the regression coefficient (known as slope) is used (OLS; 

Goldberger, 1964; Freeman, 2018). The advantage of OLS is to fit the model and the overall 

validity values close to 1, which indicates an excellent fit. The f-statistic is computed to indicate 

whether the model has satisfactorily explained the degree of data variability. If the associated 

p-value exceeds 0.05, it is an indication that the model has failed to explain the data variability 

adequately (Reimann et al., 2008), this procedure was performed with the help of SPSS (25.0, 

SPSS Inc., Chicago, USA), to determine the significance of differences (at the p ≤ 0.01 

probability level, at the p ≤ 0.05 probability level). In this way, the effect of predictors, namely 

the distance from (km) the CFPP 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.  

Data outliers and extreme values are considered to be of special importance in regression 

analysis (Reimann et al., 2008). In accordance with this robust regression methods were applied 

to the data since least square methods are very sensitive to statistical outliers (Yu & Yao, 2017). 

Whereas the latter is capable of providing more reliable results by limiting the weight of 

outliers. From that base, some comparative simulations, robust MM (maximum likelihood 

method) estimates (least square approach) have the best performance from among a number of 

robust methods (Wilcox et al., 2012; Yu & Yao, 2017; Kalina et al., 2020). The estimation was 

employed when assessing the house ages vs. 137Cs activity concentration using the ‘rlm’ 

function (robust linear models from the ‘MASS’ module in R), a free software for statistical 
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computing in environmental issues (see Figure 23). However, when exploring the altitude 

effect, OLS regression was sufficient, given to the lack of outliers.  

3.3.6 Meteorological simulation 

When radionuclides released from nuclear bomb tests and accidents enter the environment, 

they can be subjected in different processes, following different pathways, a point elucidated 

in section 2.1 and 2.2.4. Considering all of those, the meteorological aspect has been developed 

and has become a noteworthy methodology for the simulation of transport and the behaviour 

of radioactivity in the environment over extended distances. Following on in this direction, 

meteorological data evaluations were estimated based on the ERA5 reanalysis records of the 

European Centre for medium-range weather forecasts (ECMWF), (Link 3). The time ranged 

from of January 1, 1979, to July 1, 2018. The data sets cover the NE part of Hungary 

(47.0˚N - 49.0˚N, 19.0˚E - 21.0˚E), with a spatial resolution of about 8 × 8 km (geographic 

grid 0.125˚ × 0.125˚) and a time resolution of 3 hours. All computations were performed using 

Jupyter in Python 3.7 with standard modules.  

3.3.7 Geostatistical analysis 

To obtain a representative interpolated map of attic dust, the measured radionuclide activity 

(226Ra, 232Th, 40K and 137Cs), a geostatistical analysis was conducted (Webster & Oliver, 2007). 

For each radionuclide, the basic function of geostatistics, the semivariogram, was calculated to 

describe the spatial autocorrelation structure of the radionuclides (226Ra, 232Th, 40K and 137Cs), 

and to obtain the weights necessary to be able to predict their values at unsampled locations 

using Kriging (Cressie, 1990; Hatvani et al., 2017; Tserendorj et al., 2022). Specifically, 

empirical semivariograms were calculated, onto which theoretical ones were fitted using least 

squares fitting with the Matheron algorithm (Matheron, 1965), Equation 3:    
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                                     [Eq. 3] 

where γ (h) represents the semivariance, N(h) indicates the number of sample point pairs with 

a distance h, Z(xi) indicates the measured value at observation site i, and Z(xi+h) is the measured 

value at observation site i+h. 

Next, theoretical semivariograms were fitted to the empirical ones using least squares fitting. 

Ordinary point kriging was used to obtain the interpolated maps (Cressie, 1990), and is 

 
5
ERA reanalysis is a global atmospheric reanalysis from 1979, continuously updated in real time. 
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considered one of the best interpolation algorithms in providing prediction for radionuclide 

fallout (e.g., Mabit & Bernard, 2007). One of the most important characteristics of the 

semivariogram is its spatial range within which the samples become uncorrelated (Chilés & 

Delfiner, 2012). In fact, the range obtained is usually attributed to environmental processes that 

act on the same scale (e.g., Hatvani et al., 2017, 2020). At shorter ranges, variables are assumed 

to have a physical relationship (e.g., Chilés & Delfiner, 2012; Hatvani et al., 2020). All reported 

ranges of coordinates in the study are planar distances in km (EPSG: 3857) and the fit statistics 

are reported along with the semivariograms and explained in Hatvani et al. (2017) and 

Tserendorj et al. (2022). 

3.4 Radiological assessment of attic dust and urban soil 

Possible health effect, due to the external exposure to natural gamma radiation, was estimated 

based on the obtained results for radionuclide activities of 226Ra, 232Th, 40K and 137Cs (Bq kg-

1) in the urban soil since it is considered that upper layer of urban soil contributes to the external 

gamma radiation. To assess the risk of population near the CFPP and slag dumps (Figure 5B, 

6A-B), total absorbed gamma dose rate (D) (nGy h−1) [Eq. 4] and the annual effective dose (E) 

(mSv y-1) was calculated for the urban soil samples. However, the total absorbed gamma dose 

rate (D) calculation is for extended materials e.g., building materials, as an estimation it was 

calculated to the attic dusts and to the coal ash, too. 

The total absorbed gamma dose rate D (nGy h-1) in air at 1 m above ground level was estimated 

as given in the Eq. 4, provided by UNSCEAR 2008 Report (UNSCEAR, 2010). The equation 

was modified to include the contributions of artificial radionuclide 137Cs. Dose coefficient of 

137Cs given value is 0.124 nGy h-1 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−1)  =  0.462( Ra226 )  +  0.604( Th232 )  +  0.0417( K40 )  +  0.124( Cs137 )   [Eq. 4] 

The annual effective dose E (mSv y-1) was calculated using a factor of 0.7 (Sv Gy-1) to convert 

the absorbed dose in air D (nGy h-1) to the effective dose rate for adults for environmental 

exposure to gamma rays, using an outdoor occupancy factor (fraction of time spent outdoor) 

of 0.2 and a time, 8760 (hy-1) proposed by UNSCEAR (UNSCEAR, 2010). Accordingly, the 

annual effective dose (E) was calculated using Equation 5. 

E (mSv y−1)  =  D (nGy h−1)  ∗  8760 (hy−1)  ∗  0.2 ∗  0.7 (Sv Gy−1)  ∗  10−6                  [Eq. 5]     
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4. Results 

4.1 Particle size distribution (PSD) in urban soil, attic dust, brown forest soil, coal ash 

and smelter slag samples 

The analysis of particle size distribution (PSD) was performed using the laser diffraction 

method, as described in 3.2.4. The statistical characteristics of the PSD of attic dust and urban 

soils collected in both cities are summarised in Table 2.  

Table 2. Summary statistics (minimum, maximum, standard deviation and median values) of 

median particle size distribution (µm) in attic dust and urban soil samples from Salgótarján and 

Ózd. 

Samples Min. Max.   Standard deviation Median  

Salgótarján attic dust (n=40) 21.2 64.6 9.9 34.9 

Salgótarján urban soil (n=36) 12.8 79.0 14.4 25.7 

Brown forest soil (BFS) (n=1)  102.7 

Coal ash (CA) (n=1)  116.8 

Ózd attic dust (n=42) 

Ózd urban soil (n=56) 

18.7 

10.5 

74.5 

186.2 

12.6 

30.7 

39.0 

21.9 

Brown forest soil (BFS) (n=1)  10.3 

Ózd upper layer (OZD45UL) 

Ózd lower layer (OZD45LL) 

 18.7 

40.5 

 

In the urban soil samples (n=36) from Salgótarján, the median particle size was 25.7 µm, and 

ranged between 12.8 and 79.0 µm, with standard deviation of 14.4 µm (Table 2; Figure 12). In 

the local brown forest soil (STN BFS; n=1), the median was 102.7 µm, that is, much coarser 

than that of the attic dust and urban soil samples (Table 2; Figure 12), and comparable to coal 

ash (CA; n=1; 116.8 µm). In Ózd, the urban soil samples (n=56) were found to have a median 

particle size of 21.9 µm, and to range between 10.5 and 186.2 µm, with standard deviation of 

30.7 µm (Table 2; Figure 12). In the local brown forest soil (OZD BFS; n=1), the median was 

10.3 µm, relatively small in comparison to that of the Salgótarján BFS soil sample (Table 2; 

Figure 12). It is important to note that in smelter slag samples (slag 1 and 2), the PSD 

measurement was challenging due to the agglomeration of stony material in these samples from 

Ózd.  
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Figure 12. Median particle size distribution (µm) of urban soil from Salgótarján and Ózd, 

respectively. 

Based on these soil texture results (Figure 13), it can be said that the Salgótarján urban soil 

samples have a clay fraction (based on V, %) representing between 4 and 40 % of the total, a 

silt fraction ranging between 40 and 72 %, and a sand fraction representing between 7 and 57 %; 

the following medians refer to the mass %: clay, 16 ± 7; silt, 52 ± 9; and sand, 31 ± 13. 

Almost 88 % (n=32) of the urban soil samples were found to belong to the loam and silt loam 

texture classifications (Figure 13). In brown forest soil (BFS) and coal ash (CA) samples, these 

contained, respectively and in order, fractions of sand (49 and 62 %), silt (40 and 27 %) and 

clay (11 and 11 %) with loam and sandy load soil textures (Figure 13). Data from the Ózd 

urban soil clay fractions ranged between 3 and 30 %, the silt fraction between 23 and 68 % and 

the sand fraction between 8 and 72 %, with following medians expressed as mass %: clay, 13 

± 6 silt, 51 ± 9 sand, 33 ± 13 (Figure 13). Loam and silt loam account for 90 % of the Ózd 

urban soil samples, and a similar tendency is seen in the Salgótarján urban soils. The Ózd 

brown forest soil (BFS) is characterised by a large clay fraction (35 %) compared to the other 

urban soil samples considered to be belong to the silty clay loam classification (Figure 13).  

The descriptive statistics of particle size (v, %) reveals that 91 % of Salgótarján attic dust 

samples (n=40) display a clear bimodal distribution with distinctive peaks in the 0.5–2.0 µm 

and 8- 110 µm fractions (Figure 14). The dominant median PSD is 34.9 µm, the median ranges 

from 21.2 to 64.6 µm, with a median standard deviation of 9.9 (Figure 14). In Ózd, the particle 

size distribution of all attic dust samples (n=42) also displays a clear bimodal distribution 
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(~85 %, with distinct peaks in the 4 to 20 µm and 40 to 120 µm size fractions (Figure 14), 

which is coarser than those of Salgótarján attic dust particle size distribution (Figure 14). 

 

 

Figure 13. Triplot (according to USDA soil texture classification, USDA 2014) of urban soil 

grain size fractions (%), including urban soil, brown forest soil and coal ash samples from 

Salgótarján and urban soil and brown forest soil samples from Ózd.  

 

Figure 14. Median particle size distribution (µm) of Salgótarján and Ózd attic dust, 

respectively. 
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The median particle size distribution is 39.0 µm, with a range between 18.7 and 74.5 µm, with 

a median standard deviation of 12 (Table 2). Interestingly, the layered attic dust sample 

collected from Ózd has clearly distinct PSD distributions, comparing the upper (OZD45UL: 

18.7 µm) and lower layers (OZD45LL: 40.5 µm) (Table 2).   

Generally, the PSD of attic dust and urban soil yielded similarly bimodal results (Figure 12, 

14) and the medians (µm) are broadly comparable between both cities (Table 2); however, only 

ranges (µm) differences are noticeable. 

 

4.2 Elemental concentrations of U, Th, K and Cs in urban soil, attic dust, brown forest 

soil, coal ash and smelter slag samples 

In Salgótarján urban soil (STNUS; n=36), U (mg kg-1), Th (mg kg-1) and K (m/m %) content 

range from 0.6 to 2.3 (mean 1.0), from 2.8 to 6.5 (mean 4.3) and from 0.1 to 0.4 (mean 0.3), 

respectively, which are higher than those of the local brown forest soil (BFS) (from 1.0 to 3.0 

and 0.2, respectively, Figure 16A, B, C; Table 3); this is, however, lower than those of the 

Salgótarján attic dust samples (Figure 15, 16; Table 3). The only outlier value for U in urban 

soil samples (STN29US: 2.3 mg kg-1; Figure 16) from a park in close vicinity to the two outlier 

attic dust samples (STN18AD-family house and STN35AD-family house; Figure 15, 16). This 

is also true for Cs content in urban soil, where STN29US (park; 1.7 mg kg-1) represents one of 

the outlying values, together with STN09US (park: 1. 9 mg kg-1) (Figure 16). The concentration 

of Cs in the local BFS sample is even more elevated (2.1 mg kg-1) (Figure 16; Table 3) than 

those of the Salgótarján urban soil. 

The urban soil spatial distribution maps show that patterns of U and Cs coincide on the same 

hotspots and on the decreasing tendency from east to southwest (Figure 15). Comparation 

between Salgótarján attic dust and urban soils in terms of U, Th, K and Cs spatial distribution 

reveals random patterns, whereas in the case of urban soil samples, a medium to low in relation 

to those of the attic dust samples (Figure 15). Concentrations of U, Th and Cs in coal ash (CA; 

n=1; 6.3, 12.8 and 2.7 mg kg-1, respectively) give the highest values (Figure 16; Table 3). 

However, 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 values (Figure 16; Table 3).  
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Figure 15. Spatial distribution maps of U, Th, K and Cs in attic dust (filled circle) and urban soil (open circle) in Salgótarján city showing 

sampling sites, locations of coal ash and local brown forest soil (Table S. 1); blue lines: creeks (map projection: EPSG:3857, WGS 84/Mercator 

projection)
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In Salgótarján attic dust (STNAD samples; n=40), U (from 1.0 to 5.6; mean 2.3 mg kg-1), K 

(from 0.2 to 2.7; mean 0.5 m/m %) and Cs (from 0.9 to 3.3; mean 1.6 mg kg-1) concentrations 

are higher than those of the Salgótarján urban soil and brown forest soil samples (BFS: 1.0 for 

U; 0.2 for K and 2.1 for Cs, respectively) (Figure 16A, C, D; Table 3Table 3). In contrast, a 

lower mean value was obtained for Th in attic dust (3.3 mg kg-1) than that of the urban soil 

mean value (4.3 mg kg-1), with the exception of two outlier values (STN18AD-family house: 

8.8 and STN35AD-family house: 10.5 mg kg-1; Figure 16B; Table 3).  

 

 

Figure 16. Box and whisker plot of the elemental concentration (for U, Th, Cs in mg kg-1 and 

for K in m/m %) in 40 attic dust and 36 urban soil samples from Salgótarján and 42 attic dust 

and 56 urban soil samples from Ózd. Local brown forest soil (BFS), and 1 coal ash (CA) from 

Salgótarján and 2 smelter slag samples (SS-1, SS-2) from Ózd, respectively, are indicated by 

vertical brown and grey lines, respectively. Median (fine vertical white lines for attic dust and 

fine vertical black line for urban soils) and mean values (small brown dots) are also indicated.     
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This is also true for U and Cs elemental concentrations in attic dust, where these two outlying 

values (STN18 and STN35) are observed (Figure 16A-D) on the eastern side of Salgótarján 

(Figure 15). For K, three outlier values in attic dust were obtained (Figure 16; Table 3C) in a 

family houses (1.0 m/m % for STN03; 1.2 m/m % for STN27; 2.7 m/m % for STN40AD; 

Figure 16A; Table 3) located along the roadside on the western side of the city (Figure 15). 

The spatial distributions of the attic dust data (Figure 15A, B, D) show that elevated U, Th and 

Cs concentrations in attic dusts are highly characteristic, particularly near the former coal-fired 

power plant, with only the exception of K distribution (Figure 15C, 16; Table 3).  

In Ózd urban soil (OZDUS; n=56), five outlying U values were observed from playground 

(OZD39US: 1.7 mg kg-1), one recent and two former industrial sites (roadside) (OZD54US: 

2.1 and OZD44US: 4.2 mg kg-1 and OZD38US: 2.3 mg kg-1), and park (OZD40US: 3.0 mg kg-

1) locations display higher values than those of local brown forest soil (BFS; 0.8 mg kg-1) 

(Figure 16A, 17A). In contrast, Ózd urban soil samples yield  substantially lower values than 

local brown forest soil (6.4 mg kg-1) (Figure 16, 17B; Table 3). The Cs mean value in Ózd 

urban soil is comparable to that of the local brown forest sample. This, however, is still less 

than in the Cs mean attic dust sample (Figure 16D; Table 3). Since two outlying values were 

found in roadside samples (recent industrial site) (OZD54US: 3.8 mg kg-1) and (OZD38US-

former industry: 4.7 mg kg-1) (Figure 16; Table 3D). The spatial distribution of data (Figure 

17A, B, C, D) shows that Th content is highly enriched in urban soils in comparison to that 

found in attic dust (Figure 17B). In Ózd, two samples smelter slag (SS-1, SS-2) were 

investigated from a new industrial area, and in these, U (1.4 mg kg-1; 1.2 mg kg-1), Th (1.0 mg 

kg-1; 0.9 mg kg-1), K (0.01 mg kg-1 ; 0.01 mg kg-1) and Cs (0.01 mg kg-1; 0.01 mg kg-1) levels 

were found to be lower than in the Ózd attic dust and outlying urban soil samples (Figure 16A, 

B, C, D; Table 3). Smelter slag samples 1 and 2 have lower U content than those of the Ózd 

attic dust (Table 3; Figure 16A). Despite this, OZD44US, located close to a former industrial 

site, had substantially higher U content than those in all the samples studied (Table 3; Figure 

16A, 17). However, in the case of Th, K and Cs content, it seemed lower than in samples of 

attic dust and urban soil ( Figure 16B, C, D). Additionally, the average values in the upper 

continental crust (UCC; Rudnik & Gao, 2004) and European top soils (ETS; Salminen et al., 

2005) are elevated in comparison to those of the bulk compositions mean values of U, Th, K 

and Cs, respectively (Table 3). Uranium content of the two outlying attic dust samples 

(STN18AD-family house and STN35AD-family house) from Salgótarján are obviously 
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distinguishable (Figure 16A) by having values even higher than the reference values (UCC and 

ETS) indicating particular enrichment.  

In Ózd attic dust (OZDAD; n=42), the values for U (from 0.5 to 2.8; mean: 1.8 mg kg-1), K 

(from 0.2 to 3.3; mean:0.5 m/m %) and Cs (from 0.7 to 5.0; mean: 2.5 mg kg-1) are above the 

average values of those in Ózd urban soil samples:  0.5 to 2.3, mean: 1.1 mg kg-1;  0.2 to 0.4, 

mean: 0.3   m/m %; and 0.4 to 4.8, mean: 1.2 mg kg-1, respectively (Figure 16A, C, D; 17; 

Table 3). Lower and narrower range values were obtained for Th content ( 0.2 to 4.5; mean: 

1.7 mg kg-1) in Ózd attic dust than that of the urban soil samples ( 1.8 to 5.4; mean: 3.5 mg kg-

1) (Figure 16B). In terms of U content (Figure 16A), the lowest value (0.5 mg kg-1) in 

OZD54AD attic dust, collected from a church, was even lower than all the other studied 

samples, including the Salgótarján (Figure 16A). The three outlier values for K content in Ózd 

attic dust, obtained from (OZD40AD-family house: 1.7 m/m %, OZD36AD-family house: 1.8 

m/m %, and OZD39AD-family house: 2.8 m/m %; Figure 16C; Table 3) the western side of 

the city (Figure 5, 17C). one of which represents an outlying value (OZD40AD-family house) 

are even higher than the Salgótarján attic dust outlier (STN40AD-family house) (Figure 16C; 

17C). Cesium content shows wider and higher ranges (from 0.7 to 5; mean: 2.5 mg kg-1) than 

that of urban soil samples (from 0.4 to 4.8; mean: 1.2 mg kg-1) (Figure 16D; Table 3). The 

spatial distribution maps of U, K and Cs values for Ózd attic dust show elevated content in attic 

dust samples compared to that of urban soil, particularly in the central part of city, and much 

more densely dominated by studied elements (Figure 17A, C, D; Figure 16A, C, D). On the 

contrary, in the entire northwestern and southeastern part of the city, urban soils contain 

uniformly higher amounts of Th compared to attic dust, whereas attic dust Th contents are 

relatively low (Figure 17B).  
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Figure 17. Ózd spatial distribution maps of U, Th, K and Cs in attic dust (filled square) and urban soil (open square), showing sampling sites, 

locations of smelter slag, and local brown forest soil (BFS) samples (Table S. 2). Blue lines: creeks (map projection: EPSG:3857, WGS 

84/Mercator projection
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Table 3. Summary statistics of elemental concentrations (mg kg-1) in attic dust (n=40) and urban soil (n=36) from Salgótarján (STN) and attic dust 

(n=42) and urban soil (n=56) from Ózd (OZD). 

 

 

 

 

Samples Min Max Standard 

deviation 

Mean Median Inter 

quartile 

range 

UCC Topsoil 

(median) 

FOREGS 

Brown 

forest 

soil 

Coal ash/ 

Smelter slag 

U 

mg kg-1 

STN Attic dust 1.0 5.6 0.9 2.3 2.1 1.0  

2.7 

 

2.0 1.0 6.3* 

Urban soil 0.6 2.3 0.4 1.0 1.0 0.5 

OZD Attic dust 0.5 2.8 0.5 1.8 1.8 0.6 0.8 1.41** 

1.26*** Urban soil 0.5 2.3 0.6 1.1 0.9 0.3 

 

Th 

mg kg-1 

STN Attic dust 0.4 10.5 1.9 3.3 3.0 1.6  

10.5 

 

7.2 

3.0 12.8* 

Urban soil 2.8 6.5 0.9 4.3 4.3 1.1 

OZD Attic dust 0.2 4.5 0.8 1.7 1.6 1.0 6.4 1.0** 

0.9*** Urban soil 1.8 5.4 0.9 3.5 3.6 1.5 

 

K  

m/m % 

STN Attic dust 0.2 2.7 0.4 0.5 0.5 0.2 2.8 2.0 0.2 0.5* 

Urban soil 0.1 0.4 0.0 0.3 0.3 0.1 

OZD Attic dust 0.2 3.3 0.5 0.5 0.4 0.3 0.2 0.01** 

0.01*** Urban soil 0.2 0.4 0.1 0.3 0.3 0.1 

 

Cs 

mg kg-1 

STN Attic dust 0.9 3.3 0.5 1.6 1.5 0.6 4.9 3.7 2.1 1.1* 

Urban soil 0.9 2.0 0.2 1.2 1.1 0.2 

OZD Attic dust 0.7 5.0 0.8 2.5 2.4 1.0 2.7 0.01** 

0.01*** Urban soil 0.4 4.8 0.7 1.2 1.0 0.4 

UCC - Upper continental crust (Rudnik & Gao, 2004) 

European mean topsoil value published in FOREGS Geochemical Atlas of Europe (Salminen et al., 2005) 

*Coal ash sample from Salgótarján; **Smelter slag–1 from Ózd; ***Smelter slag–2 from Ózd  



56 

 

4.3 Activity concentrations of 226Ra, 232Th, 40K and 137Cs in urban soil, attic dust, brown 

forest soil, coal ash  

The activity concentration of three primordial (226Ra, 232Th, 40K) and artificial (137Cs) 

radionuclide was measured in a total of 36 attic dust samples from Salgótarján and 25 attic dust 

samples from Ózd, together 19 urban soil samples, one brown forest soil (BFS) and one coal 

ash (CA) sample from Salgótarján (detailed comprehensive information about sampling sites 

is also given in Table S. 1 and S. 2. The descriptive statistics of activity concentrations of 

primordial and artificial radionuclides analysed in this study are reported in Table 4.  

In Salgótarján urban soils (in Bq kg-1), 226Ra varies from 15.0 ± 1.3 to 38.3 ± 1.4 (mean: 25.2 

± 1.6); 232Th ranges from 18.9 ± 2.3 to 48.8 ± 3.6 (mean: 32.8 ± 3.2) and 40K changes from 

344.8 ± 9.2 to 447.8 ± 8.4 (mean: 386.4 ± 8.6) (Figure 18A, B, C; Table 4). The lowest 

activity concentration values for 226Ra; 232Th and 40K were measured (14.1 ± 1.3, 16.7 ± 2.3 

and 318.8 ± 9.0, respectively) in the brown forest soil sample, (Figure 18Figure 18A, B, C; 

Table 4). The results for the artificial 137Cs radionuclide ranges from 0.7 ± 0.2 to 17.3 ± 0.4 

(mean: 5.6 ± 0.4) (Figure 18D; Table 4). The highest value was observed in brown forest soil 

(BFS; 18.5 ± 0.6) (Figure 18) out of all the urban soil samples (Tables S. 1; S. 2). 

In Salgótarján attic dust, 226Ra varies from 12.0 ± 6.0  to 145.6 ± 8.3 (mean: 43.3 ± 4.6 Bq 

kg-1), including two outlier samples (STN35AD-family house and STN18AD-family house), 

too (Figure 18A, B, C; Table 4). These values are higher than those of urban soil and brown 

forest soil samples (Figure 18). There was one sample, STN15AD-family house (Figure S. 2B 

and C), in which 226Ra activity concentration was below the detection limit (0.9 Bq kg-1). Note 

that this sample has the lowest 232Th activity concentration as well (Tables S. 1; S. 2). The 

outlier values are at least five-times higher than all the values for urban soil and brown forest 

soil samples (Figure 18B; Table S. 1, S. 2, 4). However, 232Th showed wider range (from 8.0 

± 2.6 to 94.3 ± 9.6 Bq kg-1) and similar mean (34.0 ± 2.4) compared to urban soil (Figure 

18B; Table 4), except the two outlier samples (STN35AD-family house and STN18AD-family 

house) mentioned above (Figure 18B). Elevated activity concentration of 40K (from 309.2 ± 

21.7 to 1382.3 ± 76.6; mean of 534.4 ± 39.1) and relatively higher 137Cs values (from 5.5 ± 

0.9 to 169.8 ± 2.9; mean of 88.5 ± 5.1) were measured in attic dust relative to those in urban 

soil and brown forest soil (Figure 18C-D; Table 4). One outlier, the 40K activity concentration 

in attic dust, was observed at a family house (STN40AD; 1382.3 ± 76.6 Bq kg-1; Figure 18C; 

Table 4). The majority of the roofs on the homes where samples were taken are tile (n = 19) 
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and slate (n = 13), with a few combinations of slate/tile roofs (n = 2) and metal roofs (n = 2), 

as characterized in Tables S. 1 and S. 2.  

 

 

Figure 18. Box and whisker plot of the activity concentration (for 226Ra, 232Th, 40K and 137Cs 

bq kg-1) in 36 attic dust and 19 urban soil samples from Salgótartján and 25 attic dust samples 

from Ózd. Samples of coal brown forest soil (BFS) and coal ash (CA) from Salgótarján are 

marked by vertical brown and black lines, respectively. Median (fine vertical white lines for 

attic dusts and fine vertical black line for urban soils) and mean values (small brown dot) are 

also indicated. 

In Ózd attic dust, activity concentrations (Bq kg-1) varied between 9.5  2.8 to 63.3 ± 0.6, with 

a mean value of 35.7  3.3 for 226Ra; from 8.0 ± 6.2 to 27.1 ± 3.4, with mean of 16.6 ± 0.9 

for 232Th; from 80.5 ± 15.6  to 1493 ± 78, with mean of 399.8 ± 29.1 for 40K and for 137Cs 

its range was from 1.9 ± 1.0  to  272.9 ± 13.1, with a mean of 87.8 ± 4.5 (Figure 18A, B, C, 

D; Table 4). Three outlying values were found: OZD25AD-blockhouse 223.4 ± 6.5 Bq kg-1, 

OZD37AD-family house 238.6 ± 11.5 Bq kg-1 and OZD47AD-family house 272.8 ± 13.0 

from the southern and western parts of the urban area (Figure 18D; Table 4), will be discussed 

below.  
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It is clear that the levels of 137C activity concentration in attic dust in the two studied cities 

(Salgótarján and Ózd) are comparable to one another despite their being considerably higher 

than those found in the urban soil of Salgótarján (Figure 18D; Table 4).  

At the sampling site where two-layered attic dust was found (former iron and steel industry), 

the upper layer (OZD45ADUL) contains lower 137Cs activity concentration, 1.9 ± 1.0 Bq kg-

1 than the lower layer (OZD45ADLL), 16.0 ± 1.4 Bq kg-1 (Table S. 2; Figure S. 1). In Ózd, 

the majority of the attic roofs were tile (n = 16), followed by slate (n = 7) and metal (n = 3), 

Table S. 2.  
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Table 4. Summary statistics of activity concentrations (Bq kg-1) of 226Ra, 232Th, 40K and 137Cs in attic dusts (n=36) and urban soils (n=19) from 

Salgótarján; and attic dust (n=25) from Ózd.  

   Min Max Standard 

deviation 

Mean Median Mann-Whitney 

(Wilcoxon) testa 

Testsb 

226Ra OZD Attic dust 9.5 ± 2.7c 63.3 ± 0.9 18.3 35.7 ± 3.3 31.0 - 0.57* 

STN Attic dust 12.0  6.0c 145.6 ± 8.3 33.8 43.3 ± 4.6 35.1 0.03 0.00 

Urban soil 15.0 ± 1.3 38.3 ± 1.4 6.8 25.2 ± 1.6 24.5 0.47* 

232Th OZD Attic dust 8.0 ± 6.2 27.1 ± 3.4 4.9 16.6 ± 0.9 15.7 - 0.64* 

STN Attic dust 8.0 ± 2.6 94.3 ± 9.6 18.2 34.0 ± 2.4 28.9 0.52 0.00 

Urban soil 18.9 ± 2.3 48.8 ± 3.6 8.7 33.0 ± 3.2 34.0 0.53* 

40K OZD Attic dust 80.5 ± 15.6 1493 ± 78 253.0 399.8 ± 29.1 354.4 - 0.00 

STN Attic dust 309.2 ± 21.7 1382.3±76.6 169.6 534.4 ± 39.1 516.6 0.00 0.00 

Urban soil 344.8 ± 9.2 447.8 ± 8.4 28.4 386.4 ± 8.6 391.5 0.98* 

137Cs OZD Attic dust 1.9 ± 1.0 272.9 ± 13.1 65.7 87.8 ± 4.5 73.0 - 0.00 

STN Attic dust 5.5 ± 0.9 169.8 ± 8.8 47.9 88.5 ± 5.1 91 0.00 0.18* 

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

a 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  
c Note that among the 226Ra activity concentrations there were one sample from Salgótarján (STN15AD-blockhouse) and three samples from Ózd 

(OZDAD17-family house; OZD34AD-family house, OZD52AD-family house) below the detection limit of activity concentration Bqkg-1 

Salgótarján brown forest soil and coal ash samples are not included in this table 
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4.4 Results of calculated radiological assessment due to 226Ra, 232Th, 40K and 137Cs in 

Salgótarján attic dust and urban soil  

As it was pointed out first by Eisenbud & Petrow (1964), the natural radioactivity contained in 

coal could result in high quantities of radioactive substances being released into the ambient 

environment, more even than during the safe operation of nuclear power plants. Therefore, 

CFPPs are the source of certain amount of additional 226Ra, and 232Th and their decay products 

finding their way into the soil, sediment and water as well as dust around CFPPs and their slag 

dumps (UNSCEAR, 2010). Gamma radiation from these radionuclides represents the main 

external source of irradiation to the environment and human body (UNSCEAR, 2010).  

To assess the risk of Salgótarján population living or working near the former CFPP (Figure 

5B and its slag dump Figure 6A), the total absorbed gamma dose rate (D) [Eq. 4] and the annual 

effective dose (E) [Eq. 5], were calculated for the urban soils and attic dust samples. 

Examining the results that the minimum, maximum, standard deviation, mean and median are 

about 32.3, 64.3, 47.5, 46.7 and 9.05 nGy h-1 for urban soil (n=19), respectively and about 22.1, 

155.5, 73.8, 67.6 and 30.2 nGy h-1 for attic dust (n=36), respectively, for absorbed gamma dose 

rates (D) (Table 5).  

In Salgótarján, the annual effective dose rate (E) is 0.04, 0.08, 0.06, 0.06 and 0.01 mSv y-1 for 

urban soil (n=19), respectively (Table 5).The brown forest soil sample displays one of the 

lowest values (D: 32.3 nGy h-1 and E: 0.04 mSv y-1) among the urban soils, whereas coal ash 

(D: 101.4 nGy h-1 and E: 0.12 mSv y-1) behaves in a way similar to attic dust results (Table 5).  

Table 5. Calculated absorbed gamma dose rate, D (nGy h-1) and annual effective dose, E (mSvy-

1) for an attic dust and urban soil samples from Salgótarján 

Types of 

samples 
 Min Max 

Standard 

deviation 
Mean Median 

Urban 

soil 

(n=19) 

D        [nGy h-1] 32.3 64.3 
9.0 

 
47.5 46.7 

E        [mSv y-1] 0.04 0.08 
0.01 

 
0.06 0.06 

Attic 

dust 

(n=36)  

D        [nGy h-1] 22.1 155.5 
30.2 

 
73.8 67.6 
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5. Discussion  

5.1 Uranium, Th, K and Cs in urban soil, attic dust, brown forest soil, coal ash and 

smelter slag samples in Salgótarján and Ózd  

The U-Th-K triplot graphically depicts the ratios of these three elements in studied different 

media (Figure 19). Variations of U and Th concentration (mg kg-1) as well as of K (m/m %) in 

the U-Th-K triplot, measured in all samples studied from Salgótarján and Ózd (Figure 19A-B) 

show an intimate link between Th and U content, creating a closed cluster along the Th - U 

side, with a gradual decrease in Th relative to U for all urban soils and for the majority of attic 

dusts (Figure 19C). However, it is seen that urban soils (from both cities) are richer in Th and 

poorer in U than the attic dusts (from both) (Figure 19C). Both local brown forest soil samples 

fell into within the range of the urban soil samples (Figure 19A, B, C). It is characteristic of 

the Salgótarján attic dust samples that they are richer in U and Th than those in Ózd, with 

extremely high U and Th content (around 5 and 10 mg kg-1, respectively) in samples 

STN18AD-family house and STN35AD-family house, collected in the immediate vicinity of 

the Salgótarján coal-fired power plant (CFPP) (Figure 5B, 15, 16A-B; 19A). These particular 

attic dust samples have an also distinct group with coal ash sample (Figure 16A and 19A) and 

represent a reasonable proxy for the characteristics found in the in coal ash signature (U: 6.3 

mg kg-1 and Th: 12.8 mg kg-1; Tables S. 1) from the Salgótarján CFPP (Figure 5B, 6B). 

Interestingly, uranium enrichment in one urban soil sample (STN29US-park; 2.3 mg kg-1; 

Figure 15A, 16A, 19A) from Salgótarján must have been derived from continuous U-Th supply 

from local coal ash cone over the course of decades, since this sampling sites are ~1100 m from 

the coal ash cone (Figure 5B; 6A-B; 15 and 16A-B), which is the clear candidate for the local 

pollution source in Salgótarján. 

In contrast, the two Salgótarján urban soils with the highest Th content (STN13US- 

kindergarten: 6.2 mg kg-1 and STN36US-other (cemetery): 6.5 mg kg-1; Figure 5B, 15B, 16B; 

19A) also display the lowest U content (Figure 16A-B; 19A), a fact revealing the geochemical 

nature of U during chemical weathering in an oxidative environment. Under such 

circumstances U+6 is highly soluble in aqueous system and can be leached out from soil 

(Salminen et al., 2005). Conversely, Th (as Th+4) remains immobile in resistant heavy minerals 

(e.g., zircon) present in soil (Salminen et al., 2005) or is adsorbed on the surface of clay 

minerals and organic substances (Cinelli et al., 2019). This alteration mechanism is an 

important factor in the U-Th distribution in Salgótarján and Ózd urban soils, and is responsible 

for the low relative abundance of U.  
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In addition, in terms of U content, Ózd urban soils almost totally match Salgótarján urban soils 

(Figure 19C); there are, however, five outliers among the Ózd urban soils (OZD38-other  

(roadside at the former industry), OZD39-playground, OZD40-park, OZD44-other (roadside 

at the former industry) and OZD54-other (roadside at the recent industry) (Figure 5C, 17A; 

Table S. 2), since the majority of these sampling sites are close to former industry district and 

its slag dumps (e.g., OZD44-other (roadside) (see Ózd sampling sites; Figure 5C; Table S. 2). 

This then provides an explanation for the significant input of contaminants from local industries 

on soils, as suggested by Abbaszade et al. 2022. Considering variations in the presence of the 

U-Th-K triplot in Ózd urban soil and attic dust samples (Figure 19B), it is highly likely that 

Ózd urban soil samples have two principal components: geogenic Ózd brown forest soil (BFS) 

and anthropogenic smelter slag.   

It is an unexpected result that the two geogenic local brown forest samples (Salgótarján and 

Ózd) significantly differ in Th content (Figure 19A-B). Ózd brown forest soil has a Th content 

more than twice as high as that of Salgótarján brown forest soil, this latter being notable for 

being one of the highest in case (Figure 16B; 19C; Table 3). This discrepancy can be explained 

by the local geological differences (i.e., besides the similar sedimentary formations, in 

Salgótarján two kinds of volcanic rocks commonly occur which are not present in Ózd 

(Kercsmár et al., 2010).   

Only the OZD45AD-blockhouse (former iron and steel factory) sample displays a Th 

concentration higher than 4 mg kg-1, while the OZD54AD-church sample has an extremely low 

U content (0.5 mg kg-1) (Figure 5C; 16A-B, 19B).  Moreover, the upper layer of the one layered 

sample (OZD45ADUL; Figure S. 1; Table S. 2) had the greatest Th level among the samples 

of  attic dust from Ózd (Figure 19B). The average values of the upper continental crust (UCC; 

Rudnik & Gao, 2004) and European topsoil (ETS; Salminen et al., 2005) overlap and reveal 

the degree of variability in K-content in the urban soils and attic dust studied in both cities 

(Table 3; Figure 19C). The majority of these samples have low, insignificant K-content ranged 

from 0.19 to 0.42 m/m % in urban soil, from 0.21 to 2.72 m/m % in attic dust in Salgótarján, 

and 0.15 to 0.42 m/m % in urban soil; 0.16 to 3.34 m/m % in attic dust in Ózd (Table 3; Figure 

15C, 16C). However, from four attic dust samples from Salgótarján (STN15-blockhouse, 

STN22-family house, STN27-family house (outlier), STN40-family house (outlier), and six 

attic dust from Ózd (OZD17-family house, OZD36-family house (outlier), ÓZD39-family 

house (outlier), OZD40-family house (outlier), OZD48-family house, OZD54-church) form a 

distinct pattern in triplot (Figures 5B-C; 16; 19A, B, C; Table 3, S. 1 and S. 2). These are clearly 
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distinguishable due to their particular composition., namely, their elevated K content (Figure 

16C). In particular, attic dust sample STN40-family house from Salgótarján has significantly 

elevated K-content (Figure 16C; 19A-B) even compared to the UCC (Rudnik &  Gao, 2004) 

and European top soil (ETS; Salminen et al., 2005; Table 3). One likely reason for this seems 

to be that the residents stored potassium-based fertiliser in their attic space which could 

increase K levels. Attic dust sample STN27-family house has the second highest K content 

(1.15 m/m %), while having the lowest Th/U ratio (0.75; Figure 16C, 19A; Table S. 1). A 

similarly low Th/U ratio is characteristic of attic dust sample STN03-family house, collected 

from around one of the slag dumps, the Kucsord slag hill (0.88; Figure 16, 19; Table S. 1). In 

case, attic dust samples STN15-blockhouse and STN22-family house yield figures of 0.73 m/m % 

and 0.39 m/m %, and the lowest Th/U ratio (0.32; 0.20, respectively; Table S. 1; Figure S. 2), 

as well as an elevated U content (4.1 and 2.0 mg kg-1, respectively; Table S. 1); taken together, 

these data strongly modify the U-Th relation observed in attic dust (Figure 19A-C).  

Attic dust STN15-blockhouse is an unusual attic dust sample derived from a two-storeyed attic 

area whose roof was renovated (i.e., the tiles were replaced) in 2006 (Figure S. 1; Table S. 1). 

Thus, the accumulation time for attic dust was only around 12 years in this changes 

environment, a period during which the majority of the industrial factories were already shut 

down. Consequently, this sampling site provided one of the smallest amounts of dust collected 

in Salgótarján (~3 g), and this is a sample with a highly elevated U-content of unknown 

provenance (Table S. 1). It should be noted, however, that metal timber structure was present 

(Table S. 1) in the attic, which is rarely used in the studied cities (Figure S. 2).  

Moreover, Ózd attic dust samples display a higher variability in their K-content than those from 

Salgótarján (Figure 16C; 19B-C). Three attic dust samples (OZD36-family house:1.3 m/m %; 

OZD39-family house: 1.8 m/m % and OZD40-family house: 3.3 m/m %) are highly enriched 

in K content and form a distinct group (Figure 16C; 19B). These sampling sites are located in 

the western and northern parts of the city (Figure 5C; 15C, 17C), areas where smallholder 

agricultural activity is characteristic, and which lie more than 4 km from the former and recent 

industrial areas (Figure 5C, 17C), and the use of K fertiliser  represents a common soil treatment. 

It is true that all these attic dust sampling sites are located near agricultural areas (Figure 5C) 

where any surface soil dust may easily be transported locally by wind. It should be stated, 

however, that the role of soils and anthropogenic activities in atmospheric K fluxes remains 

unclear and is a subject requiring further research (Quennehen et al., 2012).  
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In terms of distinguished samples (Figure 19C), attic dust samples OZD54AD-church (U: 0.5 

mg kg-1; Th-0.9 mg kg-1 and K: 0.91 m/m %) OZD48AD-family house (U: 1.5 mg kg-1; Th: 

0.8 mg kg-1; K: 0.73 m/m %) and OZD17AD-family house (U: 1 mg kg-1; Th: 0.2 mg kg-1; K: 

0.75 m/m %) from Ózd, are a good example of natural origin, which corresponding to furthest 

sites from the industrial zone (Figure 5C, 17, 19B).  

Study of the chemical composition of soils around CFPPs had already been published in 

Bangladesh (Habib et al., 2019; Figure 19C), with the authors reporting 4-9 times higher U- 

and 5-7 times higher Th- content in their soil samples than in those found in the Salgótarján 

and Ózd urban soil and attic dust samples, respectively (Figure 19A, B, C). Significant 

differences in U and Th content, between Salgótarján and the Bangladesh urban soils can be 

explained by chemical differences in the coal ash components present in urban soils from both 

areas.  

The Cs concentration found in the Ózd attic dust samples (median: 2.1 mg kg-1) is higher than 

those of the Salgótarján attic dust (median: 1.5 mg kg-1) and urban soil (median: 1.1 mg kg-1), 

whereas the brown forest soil (2.1 mg kg-1) and coal ash (2.7 mg kg-1) values are lower than 

the UCC and FOREGS values (Table 3; Figure 15D, 16D, 17D); 4.9 mg kg-1 Rudnik and Gao, 

2004; 3.7 mg kg-1 Salminen et al., 2005). This may well relate to their different origins, which 

will be discussed later.  

The highest concentrations of U (6.3 mg kg-1) and Th (12.8 mg kg-1) occur in the coal ash 

sample in Salgótarján (Figure 19 A-B; Table S. 1), supporting that by-products from the CFPP 

are indeed significant sources of U and Th enrichment in the studied samples, similarly to 

studies published from other countries (e.g. Lauer et al, 2015 and Llorens et al, 2001). It should, 

however, be noted that the only coal ash sample examined was that single one in Salgótarján 

(Figure 5B; 19); this, in turn, has lower U and Th content than those from coal ash samples 

from Poland (Silesia: 20.7 and 13.6 mg kg-1 and Lublin: 17.2 and 18.2 mg kg-1, respectively; 

Parzentny & Róg, 2019), Spain (22.9 and 22.1 mg kg-1, respectively; Llorens et al., 2001), 

Turkey (34 and 22 mg kg-1, respectively; Finkelman, 1993); China (< 51.9 and < 50 mg kg-1, 

respectively; Dai et al., 2014) and Bangladesh (26.6 and 65.1 mg kg-1; Habib et al., 2019), 

respectively. These data on coal ash samples indicate the impact of differences in local geology, 

including the age of coal mined and used, in the physical (particularly meteorological) 

conditions, and in the operational technology of power plants and repository methods for by-

products.  



65 

 

 

Figure 19. Variation of U-Th-K content (A) in Salgótarján urban soil (white circle), attic dust (black circle), brown forest soil (BFS) (orange circle), 

coal ash (CA) (grey circle) and (B) in Ózd urban soil (white square), attic dust (black square), brown forest soil (BFS) (orange square), smelter 

slag (SS-1, -2) (grey square), and (C) compilation of all studied samples in comparison with median of upper continental curst (green circle) 

(Rudnick and Gao, 2004), median of FOREGS (blue circle) (Salminen et al., 2005) and mean of Barapukuria (Bangladesh) surface soil (Habib et 

al., 2019).
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5.2 Radium-226, 232Th, 40K and 137Cs in urban soil, attic dust, brown forest soil and coal 

ash samples Salgótarján and Ózd  

5.2.1  Urban soil from Salgótarján  

All of the studied urban soil samples exhibit higher 226Ra, 232Th and 40K concentrations than 

the one of brown forest soils (BFS) (14.1      and   , respectively), 

whereas all of them contain lower 137Cs concentrations than the BFS sample (18.4  ) (Table 

4; Figure 18A, B, C, D). Therefore, the local brown forest soil is indeed considered as a 

significant natural geogenic contribution to the studied urban soil samples.  

Three urban soil samples, namely STN29US-playground, STN09US-park and STN21US-other 

(roadside) (Figure 5B), exhibit the highest 226Ra (   36.2   and 33.7    

respectively) and 232Th (   48.8   and 34.0  3.9 Bq kg-1, respectively) activity 

concentrations among the urban soils (Figure 20A; Table S. 1). Urban soil STN09 (which also 

exhibits an elevated elemental Th concentration (Figure 20A; Table S. 1) is close to one of the 

largest slag dumps in the city called Kucsord Hill (Figure 5B), which must be considered the 

leading candidate for the supply of Th to urban soils. Moreover, STN21US - other and 

STN29US - playground are closest to the CFPP, suggesting again the coal ash has a significant 

contribution to the studied urban soils, discussed later.  

The 226Ra-232Th-40K 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. 20A, 

B, C). The activity concentrations (Bq kg-1) were normalized to 100. For the purpose of a 

comparison, 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 

following). The activity concentrations of urban soils in Salgótarján fall within the mean values 

from China (Dai et al., 2007), Greece (Papaefthymiou et al., 2013), Poland (Bem et al., 2002), 

Serbia (Tanic et al., 2016), Spain (Charro et al., 2013a) and Turkey (Cevik et al., 2008) (Figure 

20C). Note that the brown forest soil and mean values of soils worldwide (not only in the 

vicinity of CFPPs) also fall within those measured in Salgótarján (UNSCEAR, 2010) (Figure 

20C).  

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 

et al., 2002) much higher concentrations of 226Ra are found compared to urban soils in 

Salgótarján (Figure 20C; Table 6). In Ajka, certain disturbed surface soils have activity 

concentrations as high as 1256 Bq kg-1 (Papp et al., 2002). It was reported that the Cretaceous 
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brown coal from Ajka contains approximately 94-152 mg kg-1 U concentration (Szabó, 1992), 

whereas Miocene brown coal from Salgótarján contains only 1 mg kg-1 U (Salazar – Yanez et 

al., 2021), shedding light on the differences in the local geology (age of coal) and  coalification 

process, which increase the U concentration and as a result the 226Ra activity concentration in 

its by-product, namely coal ash (Tables 6 and S. 1). 

In fact, all the mean 226Ra activity concentrations of soils compared in the vicinity of CFPPs, 

such as in Ajka (Hungary), Serbia, Spain, Turkey, China, India, Brazil, Greece, Malaysia and 

Bangladesh, are higher than those in Salgótarján, except in Poland (Table 6). Furthermore, the 

232Th activity concentration is only lower in Poland, whereas it is almost the same in Ajka 

(Hungary), Brazil, Greece, Serbia and Turkey but higher in Bangladesh, China, India, Malaysia 

and Spain (Table 6). 

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 

6). The 137Cs activity concentration is only lower in Poland and higher in all the other referred 

countries (Table 6). Overall, urban soils from Salgótarján contain lower values of 226Ra, 232Th, 

40K and 137Cs when compared to soils in the vicinity of other CFPPs and those worldwide. 

5.2.2 Attic dust from Salgótarján and Ózd  

Due to the absence of a worldwide long-lived natural radioactivity database for attic dust, our 

data were compared to the Salgótarján urban soils and coal ash, the attic dust samples from two 

other Hungarian industrial cities, namely Ózd and Ajka, and the surface soil samples in the 

vicinity of the CFPP in Ajka as well as those in other countries (Figure 20C, Table 6).  

It can be seen from the boxplots that the ranges of 226Ra, 232Th, 40K and 137Cs activity 

concentrations of the attic dust samples are wider than for the urban soil ones (Figure 18; Table 

6). Therefore, the activity concentrations of these radionuclides are more variable in attic dust 

samples than in urban soil ones. However, the 226Ra, 232Th and 40K values contain outliers 

unlike the urban soil ones. The activity concentrations of 226Ra, 40K and 137Cs in the attic dust 

samples are statistically significantly higher than in the urban soil ones in Salgótarján when 

comparing their medians (Figure 18; Table 4, 6). However, no statistically significant 

difference was observed in their 232Th activity concentrations (Figure 18; Table 4, 6). 

Rather distinct patterns were observable in variations of the 226Ra-232Th-40K triplot between 

Salgótarján and Ózd attic dust (Figure 20C). Notably, the majority of Salgótarján attic dust has 

higher activity concentrations than those of attic dust collected from Ózd (Figure 20C; Table 

4, 6). In Salgótarján attic dust, activity concentrations of 226Ra vary from below the detection 



68 
 

limit (0.9 Bq kg-1) up to 145.6 ± 8.3 Bq kg-1, including the two outlier samples (STN35AD-

family house and STN18AD-family house) (Figure 18A, 20A). The maximum activity 

concentration of Ózd attic dust samples are up to 63.3 ± 0.9 Bq kg-1, which is a reason of the 

highly chemical characteristics of coal ash and smelter slag signatures as already stated (Figure 

18, 20; Table 4, 6; Salazar-Yanez et al., 2021; Abbaszade et al., 2022).  Broad elevated ranges 

of 232Th activity concentration with partial overlap are seen in attic dust (from 8.0 ± 2.6 to 

94.3 ± 9.6 Bq kg-1) and urban soil samples (34.0 ± 2.4 Bq kg-1; Table 4, 6) from Salgótarján, 

with the exception of the two outlier attic dust (STN35AD - family house and STN18AD-

family house) (Figure 18, 20). However, the relatively low 232Th activity concentration of Ózd 

attic dust samples (8.0 ± 6.2 to 27.1 ± 3.4 Bq kg-1) indicates the possibility of low enrichment. 

Furthermore, 232Th mobility was inhibited by the incorporation of Th4+ in insoluble heavy 

minerals (like zircon), followed by adsorption on clays and/or organics (Barnett et al., 2000), 

as stated earlier. 

The two outlier Salgótarján attic dust samples (STN18AD-family house and STN35AD-family 

house) in terms of 226Ra and 232Th activity concentration form a distinct subgroup with the 

Salgótarján coal ash sample (Figure 18, 20) supporting our previous statement. This supports 

the conjecture that coal ash is an endmember in the studied samples under consideration here, 

indicating their contamination levels. Furthermore, attic dust samples STN17AD-family house 

(91.6 ± 6.4 and 61.0 ± 9.6 Bq kg-1) and STN32AD-family house (91.6 ± 6.4  and 42.8 ±

12.4 Bq kg-1)  (Figure 5; Table S. 1) also have elevated activity concentrations, 226Ra and 232Th 

(Figure 20; Table S. 1), which are located in southeastern hilly part from local CFPP (Figure 

5). 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, potential slag dumps e.g., 

Inászó slag dump and Kucsurd Hill (Figure 5B; 15 A-B). It is assumed that the local weather 

conditions can changes 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 also alter 

the direction of the wind and rain (Tserendorj et al., 2022a).  

The radium-226 activity concentration in attic dust sample STN15AD-blockhouse from 

Salgótarján (Figure 5; S. 2), falls below the detection limit, and its 232Th value is the lowest 

(Table S. 1; Figure S. 2, 20A). These strikingly low values of activity concentration (Table S. 

1) are in accordance with the previous conclusions concerning the elemental concentration of 

Th (and U) (Table S. 1; Figure S. 1).  
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In addition, a distinct subgroup may be distinguished, composed of attic dust collected from 

Ózd (OZD17AD-family house, OZD34AD-family house, OZD40AD-family house, 

OZD52AD-family house and OZD54AD-church), this subgroup displays a significantly 

depleted level of 226Ra activity concentration (3.3; <dl; 9.5 and 2.6 Bq kg-1, respectively), 

(Figure 20B; Table S. 2). Low U content in the attic dust samples listed above can be assumed 

in terms of a sequence of natural processes, the rainwater (with lower pH) logging on the 

surface soil, washing the soluble U-oxyanion-complex [UO-
2] from one place to another, a 

process that fractionates the Ra in the loosely bound surface soil (Abedin & Khan, 2022).  

Outlier 40K activity concentration in attic dust was measured at a family house (STN40AD: 

1382.3 ± 76.6 Bq kg-1; Figure 18, 20A; Table 6) close to this sampling site, a location that  

was responsible for the urban soil sample (STN36US-other, cemetery) bearing the highest 

amount of K. This is most probably due to the high K content (2.7 m/m %; Figure 16, 18, 20) 

supporting the assumption of Tanić et al. 2016, as previously discussed. This agreement 

between the studies highlights the common chemical features in these environmentally coupled 

samples (Figure 20) in Salgótarján. In accordance with, attic dust sample OZD40AD-family 

house collected from Ózd, displayed elevated 40K activity concentration (1493.7 ± 78 Bq kg-

1; Figure 18, 20), a figure that can be characterized as a high K content (3.3 m/m %; Figure 

18D, 20), possibly to a significant input of K from the surrounding agricultural area (Figure 5). 

However, the lowest 40K activity concentration (OZD52AD-family house; 80.5 Bq kg-1; Figure 

20B; Table S. 2) and its K concentration also one of the lowest one (0.17 m/m %; Table S. 2).  

which is unusual feature compared to the majority of attic dust samples in Ózd (Figure 20B). 

This cannot be explained easily, some unknown mechanism (s) resulting in the lowest 40K 

content as well as 226Ra (< dl; Table S. 2) and 232Th (8.1 Bq kg-1) activity concentrations (Table 

S. 2).  

Attic dust samples from other Hungarian industrialized city, namely Ajka, show different 226Ra 

activity concentrations than those recorded in Salgótarján and Ózd. In Ózd, the values ranged 

between 9.5  2.7 and 63.3  0.9 with a mean of 35.7  3.3 Bq kg-1 which are lower than those 

in attic dust from Salgótarján (Figure 20; Table 6), suggesting a different pollution source in 

Ózd, e.g. smelter slag (Salazar-Yanez et al., 2021) because of the former steel and iron works. 

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 Salgótarján and Ózd (Figure 20; Table 6). This must have been caused by the 

unusually high uranium concentration in the Ajka brown coal (Szabó, 1992) and the fact that 
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coal was combusted in Salgótarján 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 values of atmospherically derived artificial 137Cs activity concentrations in 

Salgótarján and Ózd attic dusts are ~15- and ~19 times higher (Tserendorj et al., 2022a) than 

that of Salgótarján urban soil samples (Figure 19D; Table 4) and higher than those reported in 

the literature about (surface) soils around CFPPs (Table 6; e.g., Bem et al., 2002; Charro et al., 

2013). This indicates that attic dust is effective at recording 137Cs, since it represents the long-

term dynamic accumulation of material that may well have lain undisturbed for decades in 

closed space (Cizdziel et al., 2000; Tserendorj et al., 2022a). In contrast, in urban soils from 

open environments, such as park, kindergarten, playground, etc., the dispersion of particles to 

which 137Cs had become attached probably took place because they migrated deeper than 15 

cm into the upper soil or were washed away by natural processes (dissolution in water and 

precipitation), (Ritchie and McHenry, 1990). 

In summary, the studied radionuclides exhibit much higher concentrations (except for 232Th) 

and also a higher degree of variability in the attic dust than in the urban soils in the study area. 

By comparing 226Ra and 232Th activity concentrations in the attic dust from the two industrial 

areas, different pollution sources revealed that their activity concentrations in the attic dust 

depend on those in the local pollution sources. Regarding the 137Cs 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 would be a useful material for studies on pollution. 
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Figure 20. Variation of 226Ra-232Th-40K activity concentration (Bq kg-1) (A) in Salgótarján urban soil (white circle), attic dust (black circle), 

brown forest soil (BFS) (orange circle), coal ash (CA) (grey circle) and (B) in Ózd attic dust (black square), (C) compilation of all studied 

samples in comparison with mean surface soils of adjacent areas of coal-fired power plants from different countries (Table 6). Note: 40K values 

divided by 10 for better comparison visibility.
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Table 6. Comparison of the activity concentrations (Bq kg-1) of 226Ra, 232Th, 40K and 137Cs in urban soils and attic dusts of Salgótarján and attic 

dust of Ózd, as well as surface soils of adjacent areas of coal-fired power plants from different countries. Median values for soil samples from all 

over the Earth (not just around CFPPs) are also shown (UNSCEAR, 2000). 

Locality 

  

Type of samples 

  

Activity concentrations (Bq kg-1) mean (min-max) References 

226Ra 232Th 40K 137Cs   

Salgótarján city, Hungary Attic dust n=36 (undisturbed) 43 (12*1-145) 34 (8 - 94) 534 (309 - 1382) 88 (5 -169) This study  

Salgótarján city, Hungary Urban soil n=19 (disturbed, 0-15cm) 25 (15 - 38) 33 (18 - 48) 386 (344 - 447) 6 (0.7 - 17) This study  

Ózd, Hungary Attic dust n=25 (undisturbed) 31 (2*1 - 62) 16 (8 - 26) 400 (80 - 1493) 88 (2 - 272) This study 

Ajka, Hungary Attic dust n=10 (undisturbed) 318 (64 - 587) 21 (15 - 31) 442 (190 - 1976) 85 (32 – 114) Tserendorj et al., 2022b 

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*2 -150) Papp et al., 2002 

Ajka, Hungary  Soil samples*, n=47 (disturbed, 0-20 cm) 136 (21- 1256) 25 (15-41) 329 (176-567) 17 (2-69) Papp et al., 2002 

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

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 (71-126) 494 (210-763) -- Habib et al., 2019 

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 Soil samples*, n=29 (undisturbed; 0-30 cm) 16 (7-21) 15 (9-20) 310 (221-434) 5 (1-15) Bem et al., 2002 

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) -- Tanić et al., 2016 

Sevilla, Spain Surface soil samples*, n=67 (undisturbed; 0-5 

cm) 

38 (13-67) 43 (15-68) 445 (97-790) 29 (3*2-209) Charro et al., 2013 

Mean value of the World 

soil 

Soils  35 (17-60) 45 (11-64) 412 (140-850) -- UNSCEAR, 2010 

*Authors named their samples which partially cover of the depth of urban soil samples. *1 the number of samples are below the detection limit  
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5.2.3 Coal ash from Salgótarján  

Salgótarján coal ash sample from the Pintértelep coal ash cone (Figure 5B, 6A) has higher 

226Ra (91.1±1.7 Bg kg-1) and 232Th (69.5 ± 3.3 Bg kg-1) activity concentrations than all the 

other samples studied (i.e., higher than urban soil, brown forest soil and attic dust samples), 

with the exception of the two outlier attic dust samples: STN18AD-family house and 

STN35AD-family house (226Ra: 145.6 ± 8.3 and 143.5 ± 8.1, 232Th: 83.9 ± 8.0 and 94.3 ± 

9.6 Bg kg-1, respectively (Figure 18A-B; Table 6). Activity concentration of 40K in coal ash 

sample is much lower than the majority of attic dust (414.8 ±8.9 Bq kg-1), and activity 

concentration of 137Cs which represents the lowest value among all studied samples (0.09 ± 

0.4 ; Figure 18, 20D; Table 4). Salgótarján coal ash has slightly lower activity concentrations 

than those of average Hungarian data (n=75) on coal ash (226Ra: 110, 232Th: 114 and 40K: 435 

Bq kg-1 Trevisi et al., 2018) and even lower than those from other European countries 

(Germany, Poland, Czechia, Romania and Slovakia). However, the variations in activity 

concentrations are remarkably similar to those of the above-mentioned countries (Table 7). In 

addition, the two outlier attic dust samples (STN18-family house and STN35-family house) 

are in high degree of agreement with average coal ash values of the Central European countries 

(Table 7 ; Trevisi et al., 2018).  

Table 7. Average activity concentration (Bq kg -1) of 226Ra, 232Th and 40K of coal ash samples 

from some European countries (Trevisi et al., 2018), and of coal ash (CA) from Salgótarján. 

For comparison values for the three outlier attic dust samples (STN18AD and STN35AD) are 

also shown. 

Countries Number of samples 226Ra 232Th 40K 

Salgótarján (this study) 1 91 69 414 

STN18AD (this study) 1 145 83 708 

STN35AD (this study) 1 143 94 649 

Slovenia 2 250 37 383 

Germany 30 164 94 517 

Hungary 75 110 114 435 

Slovakia 226 123 76 769 

Romania 179 219 116 595 

Czech Republic 1378 146 86 669 

Poland 1941 200 118 798 
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Accordingly, these two attic dust samples can be taken as representative, in environmental 

geochemical features, of the original coal ash compared to that observed at the Pintértelep coal 

ash cone (Figure 5, 6B, 18; Table 7). The diminished activity concentrations in the Salgótarján 

coal ash can be explained by its long exposure time (the CFPP started operating in 1912; Wirth 

et al., 2012) and strong chemical (rain) and physical (wind) weathering processes acting at the 

Pintértelep coal ash cone (Figure 6A) as reported by Szabó et al. (2007) and Abbaszade et al. 

(2022).   

5.2.4 Relationships among radionuclides of different origin 

Prior to any hypothesis test in the comparison of Salgótarján attic dust and urban soil samples, 

the radionuclides were tested for degree of normality (Shapiro & Wilk, 1965; Reimann et al., 

2008) (Table 8) in order to obtain an in-depth analysis for further statistical treatment. The 

dataset of radionuclides in attic dust turns out to be non-normally distributed (226Ra: p < 0.00, 

232Th: p < 0.00 and 40K: p < 0.00; Table 4, 8), except 137Cs activity levels (p = 0.18; Table 8). 

In contrast, all datasets of urban soil samples are normally distributed (226Ra: p < 0.47, 232Th: 

p < 0.53 and 40K: p < 0.98; Table 8), with the exception of 137Cs (p < 0.00; Table 8). Given 

their non-normal sample distribution, a nonparametric test (Schober et al., 2018) was used to 

ensure the uniform and reproducible handling of the activity concentrations. The relationship 

of 232Th with 226Ra, and 232Th with 40K in attic dusts (r = 0.75, p < 0.01; r = 0.4, p = 0.04, 

respectively; Table 8) and those in urban soils (r = 0.92, p < 0.01; r = 0.33, p = 0.05, 

respectively; Table 8) were significantly and positively correlated (Table 8).  

Table 8. Spearman correlation coefficients for the studied radionuclides (226Ra, 232Th, 40K and 

137Cs) in attic dust and urban soil samples from Salgótarján, significant associations are bolded 

(p-values shown in parenthesis) 

Attic dust (n=36) Urban soil (n=19) 

  226Ra 232Th 40K 226Ra 232Th 40K 

232Th 
0.92 (0.00) ** 1  

0.75 (0.00) 

** 
1  

40K 0.30 (0.08) 0.33 (0.05) * 1 0.00 (0.99) 0.4 (0.04) * 1 
137Cs 0.04 (0.78) - 0.02 (0.90) 0.30 (0.08) 0.12 (0.61) 0.31 (0.18) 0.33 (0.16) 

* Significance level at <0.05; ** significance level at <0.01 

 

This indicates that the geological source of these natural radionuclides was common as pointed 

out by Navas et al. (2011) and Tanic et al. (2016), which in this case is the long-term use of 
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local Miocene brown coal (Kercsmár et al., 2010), 82 years of combustion at the local CFPP 

to be precise. The absence of any correlation between 226Ra and 40K reflects the differences in 

the origin and mobilization of both natural radionuclides (Navas et al., 2011). No correlation 

was observed between 226Ra, 232Th, 40K and 137Cs as a consequence of the Chernobyl NPP 

accident, which released 137Cs into the environment (De Cort et al., 1998).  

5.2.5 Relationship between radionuclides in attic dust and urban soil as a function of 

distance from a coal-fired power plant   

Among the radionuclides studied, the decreasing activity concentrations of 226Ra in Salgótarján 

attic dust and urban soil samples demonstrates a significant correlation with increasing distance 

from the CFPP (attic dust: r = -0.4, p < 0.01; urban soil: r = -0.4, p = 0.05; Figure 21A). 

Interestingly, a similar correlation is observed for the U content of attic dust as a function of 

distance from the CFPP (r = -0.5, p < 0.01) (Figure S. 3). Such a correlation is also true for 

232Th in attic dust (r = 0.4, p < 0.01), and indeed visible in the much steeper slope than that in 

urban soil (r = 0.04, p < 0.8; Figure 21B). No correlation was observed between the other 

radionuclides and elemental concentrations as the distance from the CFPP varied.  

 

 

Figure 21. Relationship between distance of sampling site from coal-fired power plant 

(CFPP) and activity concentrations of studied radionuclides (A: 226Ra and B: 232Th) in 

Salgótarján urban soils and attic dusts. Note that sample STN15AD-blockhouse is excluded.  

Furthermore, the lowest activity concentration of 226Ra and 232Th was measured in the brown 

forest soil (Figure 18A-B; 20; 21A-B), the sampling site farthest from the CFPP (8100 m) 

(Figure 21A-B). This supports the assumption that brown forest soil is a strong natural geogenic 
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component of all the samples studied, as discussed previously. On the other hand, the two 

outlier attic dust samples (STN18AD-family house and STN35AD-family house), located 

<1400 m from the CFPP, showed the highest activity concentrations of 226Ra and 232Th (Figure 

21A-B). This is why these attic dust samples can be considered proxies for unweathered coal 

ash as argued above. Their corresponding urban soil samples (STN21-roadside and STN29-

park) also had correspondingly slightly elevated activity concentrations of 226Ra and 232Th 

(Figure 21A-B). Thus, the question is raised of whether the attic dust-urban soil pairs (Figure 

21A, B) shed light on any relationship between the two environmental sample types. The ratio 

of attic dust/urban soil in 226Ra and 232Th, respectively, in the 17 sample couples (Figure 22) 

shows a strong relationship (r =0.73; p = <0.01; Figure 22). As < 76 % (n=13) of attic dust 

samples have higher 226Ra activity concentrations than those of 232Th (Table S. 1). These 

couples (n=13) show the highest potential influence of the by-products of the CFPP (namely, 

coal ash) (Figure 21A-B; Table S. 1) and may also be a reflection of the undisturbed nature of 

the attic area. There are two low ratios (0.7/0.4 for STN27AD-family house/STN32US-park 

and 08/0.4 for STN10AD-family house/STN13US-kindergarten; Figure 22) associated with 

couples showing higher activity concentrations of 232Th in urban soils than in corresponding 

attic dust samples (Table S1). These sampling sites are located further than 2700 m to the west 

from the CFPP. The ages of these houses are widely different (78 and 38 years; Table S. 1), 

and at least the older one would have been expected to have an elevated 226Ra content, but the 

roof-space is not perfectly insulated, which means deposited particles might be transported or 

reaccumulation process occurred.  

 

Figure 22. Relationship between Salgótarján attic dust and urban soil ratios of 226Ra and 232Th 

activity concentrations in attic dust-urban soil couples (n=17). 
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The other two attic dust-urban soil couples (STN09AD-family house, STN11US-park and 

STN25AD-church/STN23US-playground) map showing highly similar ratios of attic dust and 

urban soil in terms of 226Ra and 232Th activity concentrations, and are situated at to north of the 

CFPP at a distance of <4500 m (Figure 21A-B; 22 and Table S. 1). Furthermore, it is a clear 

indication that the chemical and physical properties of attic dust had been preserved for decades 

in undisturbed form rather than in the disturbed urban soil (Figure 16, 18, 19, 21). In contrast, 

physical mechanisms of soil redistribution (deposition) and leaching/sorption processes in soil 

layers were the driving force of the dispersion of such radionuclides as 226Ra and 232Th (Navas 

et al., 2011). As a result, the attic dust dataset was the only one capable of providing sufficient 

data for a map of the spatial distribution of 226Ra, 232Th and 40K activity concentrations.  

5.3 Impact of 137Cs elevated in attic dusts collected from Salgótarján and Ózd 

The 137Cs activity concentrations (Bq kg-1) found in Salgótarján and Ózd attic dusts are 

compared with two studies in the USA (Cizdziel et al., 1998, Ilacqua et al., 2003; Table 9). 

Unfortunately, there is no more data published about 137Cs in attic dust. The arithmetic average 

of 137Cs activity levels in attic dust (STN 88.5 ± 5.1 Bq kg-1 and OZD 87.8 ± 4.5 Bq kg-1) is 

comparable to previous findings in Dover and New Jersey (Cizdziel et al., 1998) with an 

arithmetic mean of 42 ± 28 Bq kg-1. The arithmetic mean values are (within the margin of 

errors) the same as at the Nevada test sites (NTS), including areas in Utah (Ilacqua et al., 2003), 

75 ± 53 Bq kg-1. However, in Europe, the total 137Cs activity from the Chernobyl accident was 

estimated at around 85 PBq, whereas the global mean fallout was considerably lower, at around 

20 PBq (De Cort et al., 1998). These data clearly suggest that most of 137Cs contribution to 

Europe originated from the Chernobyl accident. Since there is a global scarcity of 137Cs activity 

concentrations measured in attic dust samples, the present results are also compared to soil 

samples from Hungary and the surrounding countries (Table 9). The studied soils from central 

Hungary (Szabó et al., 2012) and northern part of Nógrád and Borsod-Abaúj-Zemplén counties 

Hungary (Szerbin et al., 1999) have lower 137Cs activities (0 - 61.1 Bqkg-1; 1 - 47 and 2 - 60 

Bq kg-1, respectively) than the attic dust (Table 9). A possible explanation for this is that the 

uppermost layer of various soils may be disturbed by anthropogenic activities (building and 

road construction, or even, conversely, the greening of the urban environment, potentially with 

soil replacement, etc.), or again by natural physical and chemical weathering processes. Thus, 

soil cannot preserve the past atmospheric 137Cs pollution anywhere near as efficiently as attic 

dust.  
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Comparing the attic dust 137Cs results herein with those of soils from other European countries, 

such as Spain (Navas et al., 2011), Macedonia (Dimovska et al., 2011), Greece (Vosniakos, 

2012), Lithuania (Luksiené et al., 2015), Serbia (Milenkovic et al., 2015; Vukas et al., 2018), 

and Montenegro (Antovic et al., 2012), higher average values were recorded (Table 9). 

However, the study of soils in Austria and Romania elevated 137Cs activity (over >200 kBq m2 

and from 6.6 – 2316.1 Bq kg-1, respectively) (Bossew et al., 2001; Begy et al., 2017) than the 

Hungarian attic dusts, indicating a positive correlation with high annual rainfall in mountainous 

areas (i.e., Alps, Carpathians, Dinarides), as suggested by Begy et al. (2017). Although records 

of 137Cs activity concentration in urban areas, particularly in attic dust, are globally highly 

scarce, it may be assumed that 137Cs records in attic dust might support an approximate estimate 

of atmospheric deposition. It is of great interest that the report of the 137Cs measurement of 

urban puddle sediment from Ekaterinburg (Ural region, Russia) with mean 137Cs of 80 Bq kg-

1 (Seleznev et al., 2010). The authors of this latter study proved that puddle sediment apparently 

traps the total accumulation of 137Cs activity (Table 9). This average 137Cs activity value is 

consistent with the estimated 137Cs averages presented here from Salgótarján (88.5 ± 5.1 Bq 

kg-1) and Ózd (87.8 ± 4.5 Bq kg-1) urban areas (Table 9). This further suggests a long-term 

accumulation of 137Cs in attic dust. The layered attic dust sample (OZD45AD-blockhouse, 

which is former iron-steel factory) from Ózd shows higher 137Cs activities in lower layer 

(OZD45AD_LL; 16.0 ± 1.4 Bq kg−1) than in the upper layer (OZD45AD_UL; 1.9 ± 1.0 Bq 

kg−1) (Table S. 2; Figure S. 1). The sampled building was the repair hall of the former steel 

factory for more than a century, and this activity is assumed to provide the bottom layer. Later, 

the space was used as a small horsebox iron factory over a period of ~25 years. This activity 

also produced and released dust to form the upper layer, which displays a lower degree of 

variability in heavy metalloids than the lower layer (Salazar-Yanez et al., 2021). This 

observation might indicate the tendency of heavy metalloids to decrease concentrations of 

137Cs, a view supported by Outola et al, (2003) reporting on findings in a Finnish heavy metal 

industrial area. 
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Table 9. Comparison of 137Cs activity concentration (Bq kg−1) in different environmental samples (attic dust, urban soil, sediment and moss) of 

different countries deposited after Chernobyl nuclear power plant accident. 

Country Type of samples (Particle size, mm) 137Cs activity concentration (Bq kg-1) average (range) References 

Attic dust samples 

1. Salgótarján, Hungary Attic dust n=36 (undisturbed); < 0.125 mm 88.5 ± 5.1 Bq kg-1 (5.5 - 169.9 Bq kg-1) Present study 

2. Ózd, Hungary Attic dust n=25 (undisturbed); < 0.125 mm 87.8 ± 4.5 Bq kg-1 (16.0 - 272.9 Bq kg-1)  Present study 

3. Nevada and Utah, USA Attic dust n= 14 (undisturbed); < 2.36 mm  42 ± 28 Bq kg-1 (6 - 105 Bq kg-1)  Cizdziel et al. (1998) 

4. New Jersey, USA Attic dust n= 201 (undisturbed); NA 75 ± 53 Bq kg-1 (14-286 Bq kg-1) Ilacqua et al. (2003) 

Soil samples  

5. Pest County, Central Hungary Soil samples, n=45 (0-30 cm, undisturbed); < 2 mm 9.5 Bq kg-1 (0-61.1 Bq kg-1) Szabó et al. (2012) 

6. All Hungarian counties across the whole      

country 

Soil samples, n=19 (0-20 cm, disturbed, 

uncultivated); < 1.25 mm  

1 - 47 Bq kg-1 (Nógrád county); 2-60 Bq 

kg-1 (Borsod-Abúj-Zemplén county) 

Szerbin et al. (1999) 

Across other countries and cities Soil and sediments samples 

7. Austria  Soil samples n=2115 (measurements); NA 18.7 kBq/m2 (>200 kBq/m2) Bossew et al. (2001) 

8. Montenegro Soil samples n=24 (0-5; 5-10; 10-15 cm, 

uncultivated); < 2 mm 
65.3 Bq kg-1 (1.82–413 Bq kg-1)  

46 Bq kg-1 (1.9-141 Bq kg-1) 

36 Bq kg-1 (2-112 Bq kg-1) 

Antovic et al. (2012) 

9. Belgrade, Serbia Urban soils n=22 (0-20 cm); < 2 mm 17 (0.7 – 35 Bq kg-1) Vukašinović et al. (2018) 

10. Kragujevac, Serbia Soil samples n=30 (0-10 cm, undisturbed); < 2 mm 40.2 Bq kg-1 (0.5-90.5 Bq kg-1)  Milenkovic et al. (2015) 

11. Kavadarci, Macedonia Urban soil samples n=45 (0-5 cm); < 2 mm 41.5 Bq kg-1 (4–220 Bq kg-1) Dimovska et al. (2011) 

12. Lithuanian soil Open meadow soil n =24 (0-10 cm, undisturbed); < 

0.2 mm 
5.04 Bq kg-1 (2–16.6 Bq kg-1) Lukienė et al. (2015) 

13. Transylvania region (Transylvanian Plateau 

and the Western Plain and Hills) 

Soil samples (undisturbed) n=153 (0-20 cm); < 0.1 

mm 
177.3 Bq kg-1(6.6–2316.1 Bq kg-1) Begy et al. (2017) 

14. Catchment in the Pyrenees, Spain  Soil samples (0-20 cm); < 2 mm 30.9 Bq kg-1 (4.4–64.7 Bq kg-1) Navas et al. (2011) 

15. All over Greece Soil samples, n=780 (0-5 cm, undisturbed); < 2 mm 23.1 - 51.1 Bq kg-1 Vosniakos (2012) 

16. Ekaterinburg, Ural region, Russia Puddle sediment (upper 0-5 cm); NA 80 Bq kg-1 (0-540 Bq kg-1);   Seleznev et al. (2010)                       
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5.3.1 Relationship between age of house and 137Cs activity concentrations in attic dust 

from Salgótarján and Ozd 

Activity concentrations of 137Cs in all attic dust samples from Salgótarján and Ózd seem to 

decrease gradually with increase in the age of the buildings (Figure 23). The regression (MM-

estimator, Kalina et al., 2020) between 137Cs and age of buildings is statistically significant is 

indeed robust: r2 = 0.05, p = 0.02. In houses built after 1950 (the beginning of widespread 

nuclear testing), approx. 50 % of total attic dust samples have both a wide range (from 272.8 

± 13.0 to 5.5 ± 0.9 Bq kg -1) and high 137Cs average activity concentrations (108 Bq kg-1), 

whereas attic dust collected in houses constructed before 1950 displays a narrower range (from 

169.8 ± 8.8 to 1.9 ± 1.0 Bq kg-1) and lower average activity concentration (71.9 Bq kg -1; 

Figure 23 and Tables S. 1; S. 2). A study in New Jersey (Ilacqua et al., 2003) found elevated 

mean 137Cs activity concentrations in older houses built 1955-1965, compared with more recent 

construction, as illustrated in Figure 23. The finding of the present research, that higher 137Cs 

activities are to be found in houses built after 1950, is consistent with the results of Ilacqua et 

al. (2003) (Figure 23). However, the pattern of the three outlier samples with the highest 137Cs 

values from Ózd (OZD47AD-family house OZD37AD-family house and OZD25AD-

blockhouse; Figure 18D) shows a clear trend in the opposite direction: most elevated values 

derive from younger buildings (Figure 23). This cannot be easily explained: one or more 

unknown mechanisms resulting in 137Cs enrichment seems to be operating - either that, or it 

may be that absolutely perfect isolation is responsible in attic area.  

The remaining ~50% of total attic dust samples collected from houses built before 1950 shows 

a slightly decreasing tendency in activity concentration with increasing age of the houses 

(Figure 23; Table S. 1, S. 2). This trend indicates that 137Cs activity concentration drops back 

to background values, to zero, if there is no additional source to overprint it. However, the 

elevated 137Cs levels from four Salgótarján houses (STN17AD-family house, STN25AD-

church, STN32AD-family house and STN34AD-family house) are noticeably higher than this 

general tendency would suggest. This variability in the data could be explained by one or more 

further accumulation processes. Of those four sampling sites, three (STN17AD-family house 

STN25AD-church, STN32AD-family house) are situated at the highest elevation in the study 

area (>410 m; Figure 5B; Table S. 1), and therefore it is probable that local topography is 

playing a significant role in accumulation. On the other hand, all of the other cases where 

average values fall below 59.2 Bq kg-1 in residential houses can be explained by the regular 

cleaning of attic areas in those houses, or the complete renovation of those houses, or an almost 
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airtight isolation. Cesium-137 activity in houses built before ~1950 may be assumed to have a 

long-term initial deposition in both settlements, a factor which will be readdressed in the 

geostatistical analysis. Therefore, even the well-constructed attic area can accumulate 

redistributed airborne particles (incl. 137Cs) deriving from houses, which are uninhabited or in 

a derelict or ruined state, not to mention from gardens and streets, parks, playgrounds, etc. 

(Giardina et al, 2019). The efficiency of this process can be increased, for instance, by 

increasing elevation and wind speed as discussed herein, or, for instance, in cases of increasing 

building heights (Giardina et al., 2019). Consequently, it is obvious that even with the use of a 

strict sampling protocol (e.g., Völgyesi et al., 2014), it is not possible to avoid collection of 

particles and grains from construction materials, including entrance, chimney, wall, roof, etc. 

 

Figure 23. Robust relationship (MM estimates) between 137Cs activity concentration of labelled 

attic dusts and age of houses in Salgótarján and Ózd (Table S. 1; S. 2). Vertical dotted and solid 

lines define marks (T1 = 1950). The red square displays 137Cs activity concentration in attic 

dust from Dover, New Jersey (Ilacqua et al., 2003). 

The two-layered attic dust sampling site (OZD45AD-repair hall of the former iron and steel 

factory, as discussed above) was built long before 1950 and also displays very low 137Cs 

activity in the lower layer (OZD45LL-former iron and steel factory, 16.0 ± 1.4 Bq kg-1; Table 

S. 2; Figure S. 1). The upper dust layer seems to have accumulated during the past ~25 years, 

and it also exhibits the lowest level of activity (OZD45UL- recently it is a Horse box factory; 
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1.9 ± 1.0 Bq kg1). It cannot be excluded that the upper layer at its lower boundary contains a 

certain quantity of material derived from the older lower layer by reaccumulation, thus 

comprising a source of 137Cs that was not directly derived from the local environment, as 

discussed above.   

The potential background value of 137Cs activity concentration may be considered to be zero 

for all sampled buildings since 137Cs emissions into the ambient environment started in 1945 

via atomic bomb tests. Before 1945, in the absence of nuclear weapons and nuclear power, 

there could not be any no source of anthropogenic 137Cs to be detected or tested for, at least to 

our best knowledge. In 1986, another significant 137Cs emission happened, Chernobyl NPP 

accident, and the latest known NPP accident, producing detectable amount of 137Cs released 

into the environment was at Fukushima in 2011 (e.g., Masson et al., 2016). Considering the 

half-life of Cs (T1/2=30.17 years), the 137Cs accumulation from atomic bomb tests had been 

present for twice the length of its half-life, thus reducing its activity concentration by up to 

75%, by the time of the dates of the sampling of the data used herein (2016 and 2018). 

However, this decrease must have been overprinted by the Chernobyl NPP accident, which 

would result in an increase in the accumulation (and activity concentration). Then again, by the 

time of the 2016 (Salgótarján), 2018 (Ózd) sampling, 137Cs fallout from the Chernobyl accident 

had again been through an entire half-life, and so be reduced by 50%. It also should be noted 

that the influence of the Fukushima accident is negligible (Masson et al., 2011). This means 

that if there is no unknown source to create a new 137Cs accumulation to level up activity 

concentrations (and, naturally, we hope it will not happen), the activity concentration will once 

again be equal to the background value, here designated as “zero”. 

5.3.2 Dust deposition processes in studied region 

Dry and wet deposition processes are important pathways for the accumulation of radioactive 

pollutants on the surface (De Cort et al., 1998). To get a hint of the importance of 

meteorological conditions, surface wind direction (S), wind speed (m s-1) and precipitation 

records (mm) from the ERA reanalysis from 1979 to 2017 were evaluated (Figure 24). The 

prevailing wind direction was remained a constant North to south throughout the Salgótarján 

and Ózd study areas over the last 4 decades based on meteorological data, while wind speed 

did not exceed 2.6 m s-1 in Salgótarján and 2.5 m s-1 in Ózd urban areas (Today the regular 

wind direction is NW, as stated already). However, within the area analysed (at a spatial 

resolution of 0.125*0.125˚) including both settlements, wind speed varied between 0.002 and 

14.77 m s-1 (Figure 24). 
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Figure 24. Meteorological data evaluation of the last 4 decades in Salgótarján and Ózd urban areas with median wind speed (unit: m/s), total 

precipitation (unit: m/1000) versus wind direction (↑). The yellow circle denotes the study area of Ózd, the red, Salgótarján, and the black, 

Budapest (data from the ERA5 reanalysis compiled and maintained by the European Centre for Medium-Range Weather Forecasts (ECMWF) 

with a spatial resolution of 0.125°× 0.125˚ and a time resolution of 3 hours.
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After the Chernobyl accident (1986), 137Cs contaminated particles were distributed non-

uniformly, and their dispersal was determined primarily by wind and precipitation. A major 

part of the initial emission was dispersed at relatively high altitudes (Brandt et al., 2002), and 

the initial transport of the radioactive species was directed towards the north-west, up towards 

Sweden and Finland. In the following few days, the contamination was distributed over most 

of Europe, with major exposures in southern, eastern and central Europe (De Cort et al., 1998). 

The analyses presented here (Figure 25A-B) illustrate that over a two-day interval (26-28 

April), the surface wind direction was from south to north and veered northeasterly, while no 

precipitation occurred. However, April 29-30 (Figure 25A-B), the wind direction changed from 

east to west; meanwhile, precipitation appeared. It is clearly demonstrable that the Ózd urban 

environment received its first rainfall following the accident in the course of this day ( Figure 

25A-B). Since wet deposition is known to be an important pathway for the fallout of radioactive 

plum (e.g., De Cort et al., (1998); Masson et al., (2011), the earlier precipitation might explain 

the appearance of higher 137Cs activity concentrations in Ózd than in Salgótarján (Table S. 1; 

S. 2). The consequence of this for the present study is in agreement with one of the conclusions 

of a comprehensive European study by De Cort et al. (1998), in which high level concentrations 

were found to be correlated with wet deposition. From the day of May 1, higher level (1.5 km 

above ground) wind direction shifted to south-westerly in the Central-Eastern European region 

(De Cort et al., 1998).  

 

 

Figure 25. Seven days interval total precipitation (m) versus wind direction (↑), from April 

26, 1986, 12:00 (CET) in selected region. Total precipitation and wind direction of time in 

intervals A. 26 – 28 April,1986; B. 29 – 30 April 1986; C. 1 – 2 May 1986.  
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This is also compatible with the results herein, which also are indicative of increased wind 

speed (Figure 25C; 26C). Atmospheric deposition of pollutants onto rough surfaces, such as 

the urban environment, depends on various factors like elevation, local variability of 

topography, local slope, season, building heights and configuration, etc. The latter can enhance 

the speed of wind in wind-tunnel effects between buildings (Buccolieri & Sandberg, 2008). 

Furthermore, the quasi-laminar sublayer can be affected by local features, triggering turbulence 

or increasing its intensity (Giardina et al., 2019). Obvious differences in dust deposition are 

observed between the two urban areas studied (Figure 25A, 26B). In the notably hilly region 

of Salgótarján (up to ~700 m; Figure 5B), the pattern of dust redistribution may easily be 

different from Ózd, where the elevation is only up to ~200 m (Figure 5C).  

 

Figure 26. Meteorological data during the Chernobyl accident period (26 April 1986 to 2 

May) at the Salgótarján and Ózd study areas. A. Wind direction (blue); B. precipitation (unit: 

m/1000; green); C. wind speed (unit: m/s; red) are shown. 
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In addition, different landscapes reflect the unequal deposition of 137Cs in attic dust. The dry 

deposition process is recognized as an important pathway among the various removal processes 

of radioactive pollutants in the atmosphere (Giardina et al., 2019) over time.  

5.3.3 Slope exposure as a factor of in 137Cs distribution in attic dust from Salgótarján 

and Ózd  

Slope exposure can be a significant factor in studying surface contamination or deposition, 

depending on the movement of air masses (e.g., Begy et al., 2017). Considering this factor, the 

attic dust sampling sites here were classified according to 8 cardinal compass directions (North, 

North-East, East, South-East, South, South-West, West and North-West), and the slope 

exposure of each sampling point was determined in keeping with terrain modelling (Moore et 

al., 1991). One can observe an increasing tendency from north (38.6 Bq kg-1) to west (120.9 

Bq kg-1) for mean activity levels of these classes of samples (Figure 27), using the whole data 

set. The largest average 137Cs levels (120.9 Bq kg-1) are observed on W slope exposure, 

including 13 samples (4 from Ózd and 9 from Salgótarján; Figure 27). Notably, the three Ózd 

outlier values (Figure 27) are located on this slope. In agreement with the present results, 

Szerbin et al. (1999) also found that W and S sloping parts of Hungary received the highest 

137Cs concentrations after the Chernobyl accident.  

 

Figure 27. Bar chart of slope exposures of attic dust sampling points (total number of samples 

n=61; 36 from Salgótarján and 25 from Ózd). Error bar illustrates standard deviations.  
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Furthermore, it has also been mentioned by Bossew et al. (2001) that in SE Austria the W 

facing slopes of Hungary turned out to be a strong fallout zone, in which the slope was a 

significant factor in the volume of deposition. Since dust started to accumulate when a house 

was built on any of the slope sites, it could remain undisturbed, but would nonetheless have 

been open to influence by inertial and turbulence impact phenomena as well as human activity. 

5.4 Relationship between ICP-MS and gamma spectrometric measurements in attic 

dust and urban soil samples results  

It is necessary to evaluate data accuracy and precision since we applied two different 

measurement techniques in our studied environmental samples (basically attic dust and urban 

soil urban soil). The majority of the data points show good agreement between their elemental 

and activity concentrations in attic dust and urban soil samples (Figure 16, 18) as previously 

already discussed. Therefore, comparison between two analytical techniques (ICP-MS and 

HPGe γ-spectrometer) showed in good agreement between U (mg kg-1) and Th (mg kg-1) versus 

226Ra (Bq kg-1) and 232Th (Bq kg-1) series, with values of 0.9 and 0.8 for urban soil (including 

brown forest soil and coal ash) and 0.6 and 0.8 for attic dust, respectively (Figure 28A-B). 

These indicate an approximate one-to-one correspondence between the two techniques. There 

is a good agreement for the total K (m/m, %) and 40K (Bq kg-1) values (r=0.7) for attic dust, 

however it is not true for urban soil, including brown forest soil and coal ash sample (Figure 

28A-B). Since K is a major chemical component of soil, occurring particularly clay minerals 

and K-feldspar. Thus, in most environmental conditions, released as K+ from minerals through 

chemical weathering (rain) and readily taken up by plants (Cinelli, 2019). It is obvious that 

negative correlation of Cs vs. 137Cs is observed between urban soil and attic dust samples with 

values of r=-0.06 and r=-0.05, respectively (Figure. 28A-B). Extremely low 137Cs activity 

concentration found from coal ash sample (0.09 Bq kg-1; Figure. 28A) since cesium in coal ash 

is easily mobilized into water as Cs+ and can spread through the aqueous environment (Namiki 

et al., 2014). It means that coal ash is an altered material due to its exterior depositions in urban 

are (Szabó et al., 2007), as already stated.  

To summarize, our investigation produced highly acceptable results on elemental and activity 

concentrations in undisturbed attic dust samples by different measurement techniques.  

 

 



88 
 

 

Figure 28. Correlation between the measurement by ICP-MS and gamma spectrometry. A. Urban soil samples (n=19) from Salgótarján 

(including brown forest soil and coal ash since same techniques was used for these samples, too); B. Attic dust samples from Salgótarján (n=36) 

and Ózd (n=25) 
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5.5 Isoscapes of radionuclides studied in Salgótarján attic dust (n=36) 

Spatial maps, showing contours for identical radioactivity levels the studied radionuclides, 

were calculated according to the Matheron algorithm (Matheron, 1965), which provides a 

meaningful spatial autocorrelation structure (e.g., Chiles & Delfiner, 2012) for a study area, 

including areas where no data were available.  

 

5.5.1 Isoscapes of 226Ra and 232Th in Salgótarján attic dust 

The results for 226Ra and 232Th activity concentrations fitted models (r2= 0.4 and 0.5, 

respectively) suitable for the application of kriging (Cressie, 1990), with the aim of obtaining 

interpolated activity concentrations maps (Figure 29A-B).  

For 226Ra, the parameters of the spherical semivariogram models fitted were C0 = 325; C0 + C 

= 1287; ae = 5.5 km; r2 = 0.4; RSS = 924360. For 232Th, the parameters of the spherical 

semivariogram were C0 = 109; C0 + C = 398; ae = 5.9 km; r2 = 0.5; RSS = 70705; The bin width 

was uniformly 630 m, with a maximum lag distance of 6.3 km (Figure S. 4A and B) for 226Ra 

and 232Th. The unusual STN15AD-blokhouse sample (Table S. 1; Figure S. 2) is excluded due 

to its unsatisfactorily high degree of variance compared to neighbouring sites as pointed out 

above (Figure 29A-B). Maps drawn for 226Ra and 232Th are highly similar to each other 

throughout the area studied (Figure 29A-B). From the CFPP along lines I, II, III and IV (i.e., 

along the cardinal directions from S to NE) the same tendency in activity concentration of 226Ra 

and 232Th is seen (Figure 29C). In other words, an increasing influence of coal ash on the attic 

dust samples under consideration is observable as a function of decreasing distance from the 

CFPP (Figure 29A-B). The observations herein support the findings of other studies, which 

also noted that elevated radionuclide (226Ra and 232Th) activity concentrations in soils are 

generally confined to within a radius of ~3000 m from coal-fired power plants, a figure found 

in studies in Spain, China, Brazil, and Serbia (Charro et al., 2013a, b; Dai et al., 2007; Flues et 

al., 2002; Tanic et al., 2016).  
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Figure 29. Spatial distribution of 226Ra (A) and 232Th (B) in attic dust obtained through 

application of the ordinary kriging method. The black circles are proportional to activity 

concentrations of 226Ra (A) and 232Th (B). Black dashed lines in sections from I to IV show the 

decreasing trend (C) of activity concentrations of 226Ra (A) and 232Th (B) from the surrounding 

sites of coal fired power plant. Projection is EPSG: 3857; WGS 84/Mercator projection (m).  

5.5.2 Isoscapes of 40K in Salgótarján attic dust 

In addition to the above procedures, inverse distance weighting (Yu & Wong, 2008) was 

carried out to obtain an interpolated map of 40K (Figure 30A-B), due to its similar activity 

concentration values to those of the data in the study area. For 40K, the parameters are C0 = 

430; C0 + C = 8040; ae = 8.9 km; r2 = 0.3; RSS = 1.23E+0.7, with maximum lag distance of 

8.9 km (Figure S. 4C). Therefore, it was unsuitable for the application of kriging (Hatvani et 

al., 2020). In the case of the latter, inverse distance weighting was performed to obtain an 

interpolated map of 40K (Figure 30).  
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Figure 30. Spatial distribution of 40K radionuclides in attic dust obtained through applying 

inverse distance weighting to data from the Salgótarján study area. Diameters of filled black 

circles are proportional to activity concentrations of 40K. (A) The outlier attic dust STN40AD 

family house sample was excluded, (B) The outlier attic dust sample (STN40AD-family house: 

40K: 1382.3 ± 77.6 Bq kg-1) was included. Map projection is EPSG: 3857; WGS84/Mercator 

projection (m). 

5.5.3 Isoscapes of 137Cs in Salgótarján attic dust 

In general, it is accepted that noticeably higher levels of activity tend to be directly proportional 

to the sampling altitude. This altitude effect was observed in Transylvania after the Chernobyl 

accident (Begy et al., 2017) and in general in Europe after the Fukushima accident (Masson et 

al., (2015).  To explore whether elevation (ELE*) (Table S. 1, S. 2) has a significant role in the 

137Cs activity values observed in Salgótarján and Ózd, OLS regression analysis (Goldberger, 

1964; Freeman, 2018).) was applied with elevation as the predictor and 137Cs activity as the 

dependent variable. For 137Cs concentration activity values, the linear relationship with 

elevation (m) was demonstrated to be insignificant at 𝛼 = 0.05 (r2 = 0.09, F (1, 17) = 1.58, 

p = 0.22) and (r2 = 0.07, F (1, 16) = 1.22, p = 0.28), respectively. The reason behind the 

insignificant relationship between the 137Cs activity concentration and ELE* is probably due 

to the relatively small elevation range (258 m and 40 m) for Salgótarján and Ózd, respectively, 

since after the Fukushima accident, for example, the altitude effect was determined from 

samples spanning a range of elevations of > 3,000 m in Europe (Masson et al., 2015).  

Isotropic spherical semivariogram models were fitted to the empirical semivariograms of 

Salgótarján (Figure S. 5A-1) and Ózd (Figure S. 5B-1) Since the semivariograms indicate a 
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meaningful spatial autocorrelation structure (see e.g Chilés and Delfinier, 2012: Sect. 2.2 

therein) of the 137Cs activity samples, the theoretical semivariograms fitted were suitable for 

the application of kriging to obtain the 137Cs isoscapes of the two cities (Figure S. 5). 

The elevated 137Cs activity concentrations in attic dust over the exterior part of urban 

areas in Salgótarján (Figure 31A) and Ózd (Figure 31B) display an increasing level of 137Cs 

similar to that found in the central part of those cities. The lowest activity concentrations, found 

from valleys where former industrial areas had been located, might have a decrease in 137Cs 

levels in both the areas studied, in an agreement with Outola et al. (2003). Because of less 

environmental degradation in attic areas, attic deposition probably contains rich heavy 

metal/loid dust particles which are not a preferred Cs-137 deposition location. On the other 

hand, 137Cs is adsorbed reversibly and/or irreversibly onto the clay minerals, particularly onto 

illite (Lee et al., 2017).  

The distribution of atmospherically derived radionuclide 137Cs depends on various 

environmental properties and exhibits complex spatial variability (Van der Park et al., 2002; 

Navas et al., 2011). Apparently, Salgótarján received a larger amount of 137Cs than Ózd (Figure 

31A-B), where the regular cleaning and renovation of attic areas might have caused a depletion 

of 137Cs. On the basis of geostatistical considerations, attic dust samples STN26AD (family 

house) and OZD54AD (church) were left out of the analysis due to their unacceptably high 

variance compared with their neighbouring sites (Figure 31A-B; marked in white circles). 

Several other factors, such as attic height changes, variable degrees of ventilation and 

renovation status may also be assumed to be reasons for omissions. The 137Cs spatial 

distribution patterns arrived at herein for the two urban areas are based on a higher sampling 

density than previous assessments in Hungary (De Cort et al., 1998; Szerbin et al., 1999; Szabó 

et al., 2012).  

Overall, the long-term preserved dust that had not undergone severe disturbance may well have 

resulted in higher levels of 137Cs activity in attic areas. The studied regions had an intensive 

heavy-industrial history over the past two centuries, and dust accumulated from local 

anthropogenic activities as industrial (commonly iron and steel work processes, coal mining, 

transportation, and in case of Salgótarján coal-fired power plant, too), mixing with natural 

sources and with atmosphere derived dust particles. Taken together, these resulted in a large 

variability in the nature of the dust. The activity concentrations of 137Cs measured in buildings 

of different age (Figure 23; Table S. 1; S. 2) provide a better basis for further consideration 

than previous studies (Cizdziel et al., 1999; Ilacqua et al., 2003). The opportunity to study 
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layered attic dust samples (OZD45AD-former iron and steel factory; Table S. 2; Figure S. 1) 

in Ózd from the former steel factory (Figure 23; Table S. 1; S. 2) sheds light on the significance 

of the investigation of 137Cs in urban areas. All these findings confirm that attic dust apparently 

traps 137Cs for decades, and it remains detectable. The present research is one of the first steps 

towards a broader-based interdisciplinary evaluation of this question.  

 

 

Figure 31. The kriged contour map (isoscape) (Map projection: EPSG:3857, WGS 84/Mercator 

projection, m) of the 137Cs activity from the urban environments studied, (A) Salgótarján (n=17) 

and (B) Ózd (n=16).  Grid resolution: 0.9 ×1 km for Salgótarján and 0.8 × 1 km for Ózd. 

Interpolation was performed using ordinary point kriging employing the spherical 

semivariogram models, (Note samples of Salgótarján AD26-family house and Ózd AD54-

family house were excluded in the interpolated contour map, shown in white circles). 

5.6 Human health radiological dose assessment in Salgótarján  

To assess the risk the population living or working near the CFPP, and slag dumps are exposed 

to (Figure 5B-6), the total absorbed gamma dose rate (D) [Eq. 4] and the annual effective dose 

(E) [Eq. 5] were calculated for the urban soil and attic dust samples. The total absorbed gamma 

dose rate (D) ranged between 35 and 64 nGy h-1 with a mean value of 48 nGy h-1 in urban soils 

from Salgótarján (Figure 32; Table S. 4), which is below the worldwide population weighted 

average value of D outdoors from terrestrial gamma radiation (59 nGy h-1; range: 1-1200 nGy 

h-1) and below the same values in Hungary (61 nGy h-1, range: 15-130 nGy h-1) (Figure 32) 

(UNSCEAR, 2010). Although the D value for all urban soils is higher than for the brown forest 

soil (32 nGy h-1), it can be stated that the samples nearest to the CFPP, namely STN09US- park, 
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STN20US-playground and STN29US-park (Figure 5B), exhibit the highest D values of 64, 59 

and 62 nGy h-1, respectively (Table S. 4). Accordingly, the CFPP in Salgótarján and its slag 

dumps did not result in considerable amounts of radionuclides entering the urban soils. 

 (UNSCEAR, 2010). This means that the  Salgótarján  CFPP and its coal ash cone delivered 

relatively small amount of radionuclides to the urban soils (85 % of urban soil samples is < 58 

nGy h-1), whereas the nearest areas (n=3 US samples; STN09-park, STN20-playground and 

STN29-park, 15%; Figure 32; Table S. 4) to CFPPs show significant (64; 59 and 62 nGy h-1, 

respectively) variations (Table S. 4).  

 

 

Figure 32. Box and whisker plot of calculated gamma dose rate (nGy h-1) for all studied 

Salgótarján samples: 36 attic dust, 19 urban soil, 1 brown forest soil sample (BFS marked with 

a brown vertical line) and 1 coal ash (CA marked with grey vertical line). The red dashed lines 

indicate international outdoor and indoor World recommended values (UNSCEAR, 2010). 

Absorbed gamma dose rate, D ranges between 22 and 155 nGy h-1 in attic dust samples with a 

higher mean of 74 nGy h-1 compared to urban soils (Figure 32; Table S. 4). Absorbed gamma 

dose rate, D for the coal ash is 101 nGy h-1. 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-1 with national averages 

ranging from 20 to 200 nGy h-1) (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-1) but fall within its range (11-236 nGy h-1) 

(Figure 32). 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. 
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Overall, it is more likely that elevated levels of activity concentrations derive from old 

industrialized urban areas (Salgótarján and Ózd). What is more, because attic dust can be seen 

as a proxy for human exposure to ambient aerial pollutants over time, the contamination found 

in the attic dust samples also demonstrates that residents of the community were exposed to 

these contaminants. Therefore, it is observed in urban sites with elevated potentially toxic 

elements content are mainly the result of the presence of slag debris and layers in urban soil or 

due to landscape change noted during urban soil sampling (Abbaszade et al., 2022). Coal ash 

has been used such as landfill on the sites of schools and kindergartens and as infill in 

playgrounds and roads, to cover stream beds, fill potholes and mining galleries and entrances, 

its widespread use in insulating material for houses, blocks of flats from the early 19th centuries 

onwards (Wirth et al., 2012; Zacháry et al., 2015). These practices were all also common in the 

Salgótarján study area.  
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Summary 

In this thesis, the elemental concentrations of U, Th, Cs (mg kg-1) and K (m/m %) in urban soil 

from Salgótarján (STN) and Ózd (OZD): kindergarten: nSTN =9 and nOZD=15; playgrounds: nSTN 

=11 and nOZD=18; parks: nSTN =6 and nOZD=4; other sites: nSTN =10 and nOZD=19; and in attic dust 

from Salgótarján (STN) and Ózd (Ózd): family houses: nSTN =26 and nOZD=36; churches: nSTN 

=5 and nOZD=5; kindergarten: nSTN =3 and nOZD=4; blockhouses: nSTN =2 and nOZD=7; respectively), 

local brown forest soil (nSTN =1 and nOZD=1), coal ash sample (nSTN =1) and smelter slag samples 

(nOZD=2) were assessed to identify distribution and possible contamination impact of former 

heavy industrial records in residential area of Salgótarján and Ózd.   

The activity concentrations of 226Ra, 232Th, 40K and 137Cs (Bq kg-1) in urban soil from 

Salgótarján (STN): kindergarten: nSTN=3, playgrounds: n=7; park: nSTN=4 and others: nSTN=5 and 

attic dusts from Salgótarján (STN) and Ózd (OZD): family house: nSTN=27 and nOZD=11; church: 

nSTN=4 and nOZD=5; kindergarten: nSTN=3 and nOZD=1; blockhouse: nSTN=2 and nOZD=7; and coal 

ash: nSTN=1 samples were studied to identify possible radionuclide contamination impact of 

former heavy industrial records in residential areas of both cities.  

The studied Salgótarján urban soil elemental and activity concentrations were lower and 

comparable to those in the literature. However, the attic dusts from Salgótarján and Ózd 

showed higher values than the studied Salgótarján urban soil and soil data (surface and urban 

soils) from the literature.  Also, Salgótarján attic dust activity concentration show approx. two 

times higher values than those from Ózd. This is highly likely related to the local coal-fired 

power plant acted as a local pollution source. As a result, urban soil samples from both cities 

can be considered as mixtures of local brown forest soil (as geogenic) and local Salgótarján 

coal ash/local Ózd smelter slags (as anthropogenic) components to varying degrees.  

The activity concentration of 226Ra and 232Th and their abundances in the by-products (i.e., coal 

ash) of a coal-fired power plant (CFPP) increases in both media studied as a function of 

decreasing distance of the sampling site from the CFPP.  Furthermore, attic dust and urban soil 

pairs shed light on their similar geochemical features. Although the CFPP at Salgótarján 

exercised no demonstrable influence on the radioactivity levels measured in urban soils in the 

area of the settlement, and does not appear to increase environmental radiation exposure in the 

vicinity of the plant, it should be stressed that the results of the study of attic dust show that 

technologically enhanced natural radioactivity a consequence of the plant operation - can 

indeed be identified within an area described by an approximately 3 km radius centred on  the 

CFPP. Particularly, two attic dust samples (STN18AD-family house and STN35AD-family 
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house) displayed significantly higher levels of activity (Bq kg-1) with 238U: 145 and 143; 232Th: 

83 and 94, respectively, and dose rates (D (nG y-1) of 151 and 155, respectively.  

The average values of activity concentration of 137Cs in both studied cities are highly similar: 

88.5 ± 5.1 Bq kg-1 for Salgótarján and 87.8 ± 4.5 Bq kg-1 for Ózd. The activity values of 137Cs 

in attic dust samples are commonly higher than those in urban soils from Salgótarján and soils 

(urban and surface) from Hungary or other countries. This finding indicates that attic dust, 

accumulating in enclosed and areas likely undisturbed can more efficiently preserve 

fingerprints of the past atmospheric 137Cs pollution compared to soil (i.e., urban, street, 

agricultural, forest ones, etc.,) occurring in open environments.  

The variation of 137Cs activity concentration as a function of year of building gradually 

decreases towards older buildings, from the three extremely high values (223.4; 238.6 and 

272.8 Bq kg-1) measured in Ózd houses built between 1954 and 1978. Thus, meteorological 

simulations on the studied cities back during Chernobyl NPP accident showed that Ózd had 

earlier been contaminated by precipitation containing material the radioactive plume of the 

Chernobyl NPP accident than Salgótarján, which can explain the appearance of outlier values 

of 137Cs activity concentrations in mentioned three Ózd houses. However, in both cities, houses 

built on the westerly orientated slopes were found to be the most loaded with 137Cs, displaying 

elevated activity concentrations according to terrain aspect modelling.  

A study of layered attic dust samples in Ózd from the former steel works sheds light on the 

significance of the 137Cs investigation in residential areas: the older layered dust, accumulated 

during the operation of the former iron/steel works, displays  activity concentrations one order 

of magnitude higher than the more recent one, which accumulated during the ~25 years after 

the steel works was shut down and a source of 137Cs was not available in the local environment.  

All these findings seem to confirm that attic dust apparently traps 137Cs for decades, which it 

remains detectable.  

This work clearly shows that attic dust preserves the undisturbed fingerprints of long-termed 

atmospheric deposition in its chemical and physical properties and provides an indirect 

assessment route, as well as representing a better and more representative historical record of 

local air deposition than urban soil samples. For this reason, attic dust is potentially a highly 

useful and productive source of environmental samples in the long-term monitoring at former 

industrial urban environments.  
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Thesis Points 

1/ Salgótarján coal ash has the highest U content among all studied samples from both cities, 

which suggest that coal ash plays a significant impact on Salgótarján n environment. In contrast, 

Ózd smelter slags, from the new industrial area, have higher U concentration than the majority 

of Ózd urban soil and lower than the majority of attic dust samples. This indicates that the new 

industrial site in Ózd cannot yield elevated U content in the environment. However, Ózd urban 

soil samples showing noticeable U content, collected at the former industry, suggests that the 

former industrial activity had a potential influence on elevated U content in the city center.  

In both cities urban soils have consistently higher Th content than those of attic dusts, except 

Salgótarján coal ash and two outlier attic dust samples collected from houses close to coal fired 

power plant. In contrast, Ózd smelter slags have the lowest Th content. In addition, Th content 

in Ózd brown forest soil is at least twice higher than that of Salgótarján counterpart. 

Consequently, urban soil from both cities can be considered as mixtures of local brown forest 

soil (as geogenic component) and local Salgótarján coal ash/local Ózd smelter slag from the 

former industrial area (as anthropogenic component). Therefore, certain attic dust samples from 

Salgótarján and urban soils from Ózd play considerable impact to local contamination sources.  

Furthermore, Ózd and Salgótarján attic dust samples showed higher variability in their K-

content compared to urban soils, local brown forest soils, coal ash and smelters slag samples. 

The elevated K concentration of attic dust is characteristic for agriculturally active areas, far 

from industrial districts, where the K fertilizer is commonly used (Tserendorj et al., 2023).  

 

2/ Activity concentrations of 226Ra, 232Th and 40K in Salgótarján majority attic dust are higher 

than Salgótarján urban soils and Ózd attic dust. The elevated activity concentrations of 226Ra, 

and 232Th in Salgótarján attic dust and urban soil correspond to the close distance of sampling 

sites to the local coal fired power plant. Furthermore, attic dust and urban soil pairs shed light 

on their similar features in the change of activity concentration. It is supporting that these 

Salgótarján environmental samples are indeed considerable as mixtures of local brown forest 

soil (as geogenic component) with local coal ash as by-production of the coal fired power plant, 

which also contributed to in long-term accumulation of attic dust materials. Low activity 

concentrations in Ózd attic dust samples suggest that anthropogenic components from the 

former and recent industrial sites was not high enough to elevate the amount of radionuclides 

in attic dust, hence it was regarded as an insignificant  
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The highest activity concentration of 40K in attic dust samples is related to samples with highly 

elevated K content in both cities. Also, this reveals that high 40K value is possibly significant 

input from the surrounding agricultural areas in both cities (Tserendorj et al., 2023).  

 

3/ Activity concentration of 137Cs in attic dust from Salgótarján and Ózd values are greater than 

those found in present urban soils and soils from Hungary and other countries. Study of layered 

attic dust samples in Ózd from the former steel factory highlights on the significance of 137Cs 

investigation in residential area: the older attic dust layer, accumulated during operation of the 

former steel factory, shows one order higher activity concentration compared to the younger 

one, accumulated during the past ~25 years after steel factory was shut down and source of 

137Cs was not available in the local environment. This finding indicates that attic dust, 

accumulating in closed and safe area, can more efficiently preserve fingerprints of the past 

atmospheric 137Cs pollution compared to any soil occurring in open environments, which 

remain still detectable (Tserendorj et al., 2022).  

 

4/ The variation of 137Cs activity concentration as a function of year of building gradually 

decreases towards older buildings, from the three extremely high values (223.4; 238.6 and 

272.8 Bq kg-1) measured in Ózd houses built between 1954 and 1978. This trend indicates that 

137Cs activity concentration reaches back to a background value of 0 if there is no unknown 

sources to create an overprint on it. Thus, meteorological simulations on the studied cities back 

during Chernobyl NPP accident showed that Ózd had earlier been contaminated by rain 

precipitation containing material the radioactive plume of the Chernobyl NPP accident than 

Salgótarján which can explain the appearance of outlier values of 137Cs activity concentrations 

in mentioned three Ózd houses. Also, in both cities, houses built on the westerly orientated 

slopes were found to be the most loaded with 137Cs, displaying elevated activity concentrations 

according to terrain aspect modelling (Tserendorj et al., 2022). 

 

5/ The radiological dose assessments (absorbed gamma dose rate and annual effective dose 

rate) on Salgótarján urban soil indicate that the 82 years long operation of the coal-fired power 

plant in Salgótarján and different slag dumps do not cause increased levels of background 

radiation in city. However, our findings outlined that elevated radioactive levels at the 

surrounding area of the coal-fired power plant, especially on two family houses (STN18AD 

and STN35AD) where the attic dust have high enough coal ash component, to produces 
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potential risk. Therefore, potential concern not only the in the vicinity where industrial 

activities took place but also disperse the contaminants all around the cities and pose the health 

treat over decade, particularly, risk assessment performed on kindergarten, family houses, 

church, and playgrounds. 

It was concluded that attic dust provides an indirect evaluation and serves as a highly adequate 

historical record of local airborne dust deposition when compared to soil, and it is also an 

excellent environmental media for monitoring long-term, particularly in industrial urban 

environments (Tserendorj et al., 2022; 2023; Abbaszade et al., 2022) 
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Supplementary tables 

Table S. 1. Results of elemental (U, Th, K, Cs) and activity concentrations (226Ra, 232Th, 40K, 137Cs) in Salgótarján attic dust (n=40), urban soil 

(n=36), brown forest soil (n=1) and coal ash (n=1) samples, categories of sampling sites and their locations (x, y), elevation (m), characteristics of 

houses 

Attic dust 
Coordinates of the sampling 

locations (X, Y) meter 
Activity concentration (Bqkg-1) 

Elemental concentration 

(mg kg-1) 

Category of 

sampling sites 

Characteristics of houses 

  

  

X Y 

Elevation, m* 

238Ra 232Th 40K 137Cs U Th K Cs  

Year 

of 

built. 

*** 

Roof type 
Sampling 

surface 

Construct

ion 

material 

 
**Slope ° 

Terrain 

aspect ° 

STN01AD 2205477 6124930 

310 
36.7 

±  

3.5 

29.4 

 ± 

 6.4 

437.3  

±  

28.6 

15.9 

 ±  

1.1 

2.1 2.2 0.4 1.0 Church 1936 Metal  
Concrete 

beam 

Mixed 

stone, 

bricks and 

wood 

 
4.5 

316 

STN02AD 2204815 6123910 

324 39.8 

± 

 3.3 

31.2  

± 

6 

442.5  

±  

29.4 

13.0 

 ± 

 1.3 

2.1 4.5 0.3 1.4 Church 1914 Tile 
Fiberglass 

Envelope 
Bricks 

 
3.6 

278 

STN03AD 2205749 6124438 

309 35.8 

±  

6.9 

23.5  

±  

6.6 

658.7 

 ±  

55.0 

91.7  

±  

6.0 

3.4 3.0 1.0 2.0 Family house 1957 Tile 
Wooden 

beam 
Bricks 

 
2.3 

186 

STN04AD 2204534 6122799 

270 23.3 

±  

2.7 

24.6  

±   

5.3 

309.2 

 ± 

 21.7 

57.8 

 ± 

 3.1 

1.4 3.1 0.2 1.4 Kindergarten 1980 
Slate and 

tile 

Concrete 

and 

Wooden 

beam 

Cement 

and brick 

 
1.2 

78 

STN05AD 2201621 6122238 

254 42.9 

±  

4.2 

37.4  

±  

6.9 

518.5 

 ±  

34.1 

49.6  

±  

3.1 

2.9 3.7 0.6 2.1 Kindergarten 1990 Tile 
Wooden 

beam 
Tile 

 
1 

176 

STN06AD 2204602 6127185 
267 

29.1  529.3 162.3  2.9 2.7 0.6 2.5 Family house 1960 Tile 
Wooden 

beam 
Blocks  

2.2 
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276 44.0 

±  

5.4 

±  

8.7 

 ±  

40.9 

± 

 8.8 

STN07AD 2204855 6126365 

273 
33.7 

±  

5.2 

27.8 

 ±  

7.1 

511.4 

 ±  

42.4 

104.1 

 ± 

 6.2 

2.0 2.5 0.4 1.6 Family house 1944 Tile 
Wooden 

beam 

Slag 

blocks 

(natural 

stones 

included) 

 

7.9 

92 

STN08AD 2210734 6127634 

351 71 

± 

5.4 

49.9 

± 

8.1 

546.5 

± 

35.9 

126.5 

± 

7.1 

3.5 5.6 0.5 2.2 Kindergarten 1960 Slate 
Wooden 

beam 
Wood 

 
5 

103 

STN09AD 2210308 6128102 

349 20.5 

±  

4.7 

25.4 

± 

12.1 

513.9 

± 

41.6 

101.5 

± 

5.6 

2.5 3.4 0.5 1.6 Family house 1961 Slate 
Wooden 

beam 
Adobe 

 
3.8 

77 

STN10AD 2203028 6125036 

287 22.0 

± 

 2.6 

15.5 

 ± 

 5.8 

422.2  

±  

27.3 

5.5  

±  

0.9 

1.0 2.1 0.2 1.1 Family house 1980 Slate 
Wooden 

beam 
Blocks  

 
1.5 

264 

STN11AD 
2203059 

 

6124156 

 

276 - - - - 1.3 1.6 0.5 1.2 Family house 1972 Slate 
Wooden 

beam 

Mixed 

wood, 

cement 

bricks 

 

STN12AD 2207059 6125216 

307 
16.4 

±  

4.0 

24.7 

 ±  

9.5 

486.2  

±  

37.3 

35.4 

 ±  

2.5 

1.9 2.9 0.8 1.3 Family house 1890 Slate 
Wooden 

beam 

Mixed 

wood, 

cement 

bricks 

 

9.4 

17 

STN13AD 2202467 6119246 

233 34.9 

±  

3.5 

32.0 

 ± 

 6.8 

487.5  

±  

33.5  

54.8  

± 

 3.4 

1.8 3.8 0.3 1.0 Family house 1965 Slate 
Wooden 

beam 
Bricks 

 
1.1 

35 

STN14AD 2206280 6125594 

275 16.7 

±  

4.1 

19.6  

±  

2.6 

501.5  

± 

 38.8 

115.8 

 ± 

 6.7 

2.0 3.3 0.7 1.5 Blockhouse 1950 Slate 
Wooden 

beam 

Concrete 

and wood 

 
3 

177 

STN15AD 2205184 6122957 

308 

> dl 

8.0  

± 

 2.6 

368.1 

 ± 

 34.1 

36.7 

 ± 

 2.7 

4.1 1.3 0.7 2.1 Blockhouse 
1965 

(2006) 

Tile with 

iron 

structures 

Wooden 

beam and 

Steel 

Bricks 
 

6.8 

212 

STN16AD 2210836 6126935 
337 

21.7 391.3 93.9 2.5 3.6 0.6 2.1 Family house 1970 Slate 
Wooden 

beam 
Blocks  

1.3 
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120 21.3 

± 

2.8 

± 

6.5 

± 

26.6 

± 

5.3 

STN17AD 2214330 6127551 

495 91.6 

±  

6.4 

61.0  

±  

9.6 

621.7 

 ± 

 43.3 

169.8 

 ± 

 8.8 

2.7 5.0 0.4 1.8 Family house 1922 Tile 
Wooden 

beam 
Wood 

 
8.3 

182 

STN18AD 2211109 6125522 

314 145.6 

±  

8.3 

83.9  

± 

 8.0 

708.2 

 ±  

41.4 

35.7 

 ± 

 2.2 

4.8 8.8 0.6 3.3 Family house 1970 Slate 
Wooden 

beam 
Bricks 

 
3.5 

279 

STN19AD 
2211393 

 

6127328 

 
340 - - - - 

1.6 2.0 0.4 1.6 

Family house 1981 Tile  
Wooden 

beam 

Mixed 

wood, 

cement 

bricks 

 

STN20AD 2212946 6128359 

507 50.3 

± 

 8.2 

20.1 

 ± 

 5.5 

427.7  

± 

 55.6 

123.4 

 ±  

7.6 

1.5 1.8 0.4 1.5 Family house 1960 
Slate and 

tile 

Wooden 

beam 
Adobe 

 
7.8 

226 

STN21AD 2207291 6125248 

305 56.0 

±  

4.3 

47.1 

 ± 

 6.5 

533.5  

±  

34.5 

41.8  

± 

 2.6 

2.9 4.8 0.4 2.0 Family house 1916 Tile 
Wooden 

beam 
Bricks 

 
6.5 

341 

STN22AD 2211559 6126111 322 - - - - 2.0 0.4 0.4 1.6 Family house 1950 Slate 
Wooden 

beam 

Mixed 

wood, 

cement 

bricks 

 

STN23AD 2208265 6126797 284 - - - - 2.1 1.1 0.6 1.4 Family house 2005 Tile 
Wooden 

beam 

Mixed 

wood, 

cement 

bricks 

 

STN24AD 2205113 6127722 

276 17.9 

±  

3.3 

21.8  

± 

 8.2 

522.8  

±  

37.7 

100.5 

 ± 

 5.6 

1.4 2.7 0.3 1.3 Family house 1970 Slate 
Wooden 

beam 
Blocks 

 
1 

205 

STN25AD 2210931 6130914 

492 31.0 

±  

4.5 

37.1  

±  

8.9 

568.6  

±  

41.2 

159.6  

±  

8.4 

2.0 3.4 0.6 0.9 Church 1930 Metal  
Wooden 

beam 
Bricks 

 
1.7 

265 

STN26AD 2210963 6131022 

496 21.8 

±  

2.4 

24.5 

± 

5.0 

395.6 

± 

25.7 

41.3 

± 

2.2 

1.6 3.8 0.5 0.9 Family house 1920 Metal  
Wooden 

beam 
Bricks 

 
3 

261 

STN27AD 2206333 6126840 331 16.3  537.6  90.3  2.4 1.8 1.2 1.8 Family house 1940 Tile Adobe 
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2.5 18.1 

±  

3.4 

±  

5.3 

±  

38.2 

±  

5.2 

Wooden 

beam 
 

90 

STN28AD 2201138 6123143 

275 12.0 

±  

6.0 

24.5  

±  

7.6 

524.6  

±  

38.5 

51.0 

 ± 

 3.3 

2.2 3.3 0.5 1.3 Church 
1934 

(2013) 
Slate 

Wooden 

beam 

Wood and 

bricks 

 
1.8 

209 

STN29AD 2202141 6121341 

245 15.7 

±  

5.3 

18.8  

±  

7.4 

417.6  

± 

 30.3 

117.8 

 ± 

 6.6 

1.7 3.0 0.4 1.4 Family house 1936 Tile 
Wooden 

beam 
Bricks 

 
1.4 

203 

STN30AD 2200930 6120839 

253 38.7 

±  

5.4 

28.7  

± 

 9.2 

477.4 

 ±  

38.8 

70.7 

 ±  

4.5 

2.1 3.0 0.5 1.4 Family house 1950 Slate 
Wooden 

beam 

Wood and 

bricks 

 
4.5 

80 

STN31AD 2205184 6121852 

267 85.5 

± 

7.4 

47.0  

±  

13.1 

607.7 

±  

49.9 

77.1 

 ± 

 5.1 

2.2 4.1 0.4 1.5 Family house 1910 
Slate and 

wood 

Wooden 

beam 
Blocks  

 
2.8 

56 

STN32AD 2206954 6121042 

412 92.5 

± 

 7.8 

42.8 

 ±  

12.4 

563.6  

±  

45.8 

165.8 

 ±  

8.9 

2.4 2.4 0.4 1.9 Family house 1900 Tile 
Wooden 

beam 
Bricks 

 
5.6 

284 

STN33AD 2205060 6120675 

299 13.6 

±  

3.8 

21.2 

 ± 

 9.4 

411.4 

 ± 

 35.2 

137.8 

 ± 

 7.9 

1.9 2.2 0.5 1.8 Family house 1955 Tile 
Wooden 

beam 
Bricks 

 
6.2 

74 

STN34AD 2201280 6119441 

261 42.8 

± 

 6.5 

30.3 

 ± 

 13.6 

514.6 

 ±  

48.9 

169.3 

 ± 

 9.4 

2.0 2.2 0.6 1.5 Family house 1936 Tile 
Wooden 

beam 
Adobe 

 
7.8 

303 

STN35AD 2209100 6126310 

306 143.5 

±  

8.1 

94.3 ±  

9.6 

649.9 

 ±  

43.2 

41.6  

±  

2.5 

5.6 10.5 0.6 3.2 Family house 1946 Slate 
Wooden 

beam 
Bricks 

 
5.3 

213 

STN36AD 2209873 6126154 

306 63.5 

± 

5.9 

63.1 

± 

11.2 

649.8 

± 

47.8 

87.3 

± 

5 

3.6 6.0 0.6 2.4 Family house 1940 Tile 
Wooden 

beam 

Brick and 

blocks 

 
2.8 

254 

STN37AD 2203389 6122568 

253 69.2 

±  

5.2 

44.1  

± 

 7.8 

559.9 

 ±  

38.2 

124.7 

 ±  

6.5 

3.2 4.0 0.5 1.7 Family house 1961 Tile 
Wooden 

beam 
Bricks 

 
3.9 

66 

STN38AD 2203483 6121767 

245 35.3 

± 

3.5 

39.0 

± 

7.8 

510.0 

± 

36.0 

73.9 

± 

4.3 

1.7 3.5 0.3 1.4 Family house 
1880 

(1984) 

Tile and 

wood 

Wooden 

beam 
Bricks  3.9 

284 
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STN39AD 2202896 6118359 

237 32.6 

±  

3.4 

32.6 

 ± 

 6.7 

530.0  

±  

33.8 

93.6 

 ± 

 5.0 

1.5 2.6 0.4 1.2 Family house 1880 Tile 
Wooden 

beam 
Adobe 

 
4.9 

301 

STN40AD 2202031 6117952 

230 27.2 

± 

 4.0 

27.7 

 ± 

 8.4 

1382.3  

±  

77.6 

149.0  

±  

7.7 

2.2 1.7 2.7 1.4 Family house 
1964 

(1991) 
Tile 

Wooden 

beam 
Blocks 

 
2.7 

71 
*the height of building (m) is added; ** Slope of the ground below the building; *** renovation; dl: detection limit of 226Ra: 0.9 Bq kg-1 

Urban soil X Y Elevation, m 226Ra 232Th 40K 137Cs U Th K Cs Category  Corresponding attic dust samples 
 

STN01US 2206295 6125443 271 - - - - 1.2 4.4 0.2 1.3 Kindergarten      
STN02US 2204899 6123866 257 - - - - 1 4.9 0.3 1.1 Kindergarten      
STN03US 2205347 6124348 275 - - - - 1.5 4.4 0.2 1.1 Kindergarten      
STN04US 2204508 6122794 241 - - - - 0.9 3.9 0.2 1.0 Kindergarten      
STN05US 2202284 6119139 235 - - - - 0.7 3.7 0.3 1.1 Kindergarten      

STN06US 2201685 6122038 244 

18.2 

±  

1.2 

21.7 

± 

2.4 

357.8 

± 

8 

4.7 

± 

0.4 

0.9 4.4 0.2 1.0 Kindergarten 

  
 

STN05AD  

 

STN07US 2204494 6126513 305 - - - - 0.7 5.6 0.2 1.3 Kindergarten      
STN08US 2205317 6127822 274 - - - - 0.8 4 0.2 1.2 Playground      

STN09US 2204580 6127284 265 

36.2 

±  

1.5 

48.8 

± 

3.6 

412.9 

± 

8.8 

6.3 

± 

0.5 

1.8 5.4 0.3 1.9 Park 

  
 

STN06AD    

STN10US 2210918 6127582 
336 

 
- - - - 0.8 2.9 0.2 0.9 Playground 

     

STN11US 2210741 6128060 356 

19.7 

±  

1.3 

28.0 

± 

2.5 

391.9 

± 

8.1 

6.5 

± 

0.5 

0.7 3.4 0.3 1.3 Park 

  
 

STN09AD    

STN12US 2210769 6127625 340 

21.3 

± 

 1.4 

26.5 

± 

3.9 

363.7 

± 

9.0 

7.4 

± 

0.3 

0.8 2.9 0.2 1.0 Kindergarten 

  
 

STN08AD    

STN13US 2203061 6125110 281 
27.2 

± 

42.8 

± 

447.7 

± 

3.1 

± 
0.8 6.2 0.4 1.7 Kindergarten 

  
 

STN10AD    
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 1.3  3 8.4 0.4 

STN14US 2207036 6125265 313 - - - - 1.5 3.8 0.3 1.1 Playground      

STN15US 2204580 6124278 245 

15.0 

±  

1.3 

25.0 

± 

3.5 

403.0 

± 

8.4 

2.7 

± 

0.5 

0.9 3.6 0.2 1.2 Playground 

  
 

STN02AD    

STN16US 2206684 6124811 297 

33.2 

±  

1.9 

35.6 

± 

6 

347.5 

± 

10.6 

2.7 

± 

0.7 

1.2 4.5 0.3 1.3 Playground 

  
 

STN21AD    

STN17US 2205053 6123296 269 - - - - 0.7 4.5 0.2 1.3 Playground      

STN18US 2205540 6121050 281 - - - - 1.6 4 0.2 1.3 
Others 

(cemetery) 

     

STN19US 2214540 6127535 492 

24.8 

±  

1.4 

38.8 

± 

2.9 

404.3 

± 

8.7 

13.6 

± 

0.6 

1.8 3.9 0.3 1.1 Park 

  
 

 

STN17AD  

   

STN20US 2213437 6127905 540 

30.4 

±  

1.6 

40.5 

± 

5 

428.5 

± 

10.7 

17.3 

± 

0.4 

1.2 3.3 0.2 1.0 Playground   
 

STN20AD    

STN21US 2211549 6125012 377 

33.7 

± 

 1.4 

34 

± 

3.9 

344.8 

± 

9.2 

7.8 

± 

0.3 

1.5 3.7 0.3 1.2 Others 

(roadside) 

  
 

 

STN18AD  

   

STN22US 2208343 6126379 394 

24.5 

±  

2.8 

26.9 

± 

0.7 

355.7 

± 

7.2 

1.1 

± 

0.2 

0.8 4.6 0.3 1.2 Others 

(roadside) 

  
  

   

STN23US 2210832 6130849 482 

17.7 

±  

1.2 

18.9 

± 

2.3 

373.2 

± 

7.5 

4.6 

± 

0.4 

1.2 4.3 0.2 1.1 Playground   
 

STN25AD    

STN24US 2203286 6122674 252 - - - - 1 3.6 0.2 1.1 Playground      

STN25US 2201596 6119873 232 

17.0 

± 

1 

26.3 

± 

2.1 

391.4 

± 

7 

2.3 

± 

0.4 

1.1 4.3 0.3 1.1 

Playground   
 

 

STN34AD  

   

STN26US 2201146 6124102 262 - - - - 0.9 4.8 0.2 1.2 
Other 

(roadside) 

     

STN27US 2201139 6120790 244 - - - - 1.2 4 0.4 1.5 Park      

STN28US 2207146 6121173 400 
21.1 

± 

34.9 

± 

397.6 

± 

12.8 

± 
1.0 2.8 0.3 0.9 

Playground   
 

STN32AD 

  

   



120 
 

 1.2 2.3 7.3 0.5 

STN29US 2209527 6126021 293 

38.3 

±  

1.4 

46.0 

± 

2.6 

385.4 

± 

7.7 

4.3 

± 

0.5 

2.3 5.8 0.4 1.8 

Playground   
 

STN35AD    

STN30US 2202829 6124566      0.9 3.6 0.23 
0.9

5 

Others 

(roadside) 

     

STN31US 2208334 6127451 331 

26.4 

± 

3.3 

22.3 

± 

0.6 

355.5 

± 

10.3 

0.7 

± 

0.2 

0.8 3.2 0.3 1.0 
Others 

(garden) 

  
  

   

STN32US 2206997 6126439 274 

27.2 

± 

2 

37.0 

± 

7.4 

398.6 

± 

11.9 

1.6 

± 

0.8 

1.3 5.4 0.3 1.2 Park 

  
 

STN27AD    

STN33US 2202802 6121139      0.9 4.8 0.3 1.1 
Others 

(roadside) 

     

STN34US 2203747 6120914 245 

21.3 

± 

1.4 

28.1 

± 

3.7 

409.8 

± 

9 

3.5 

± 

0.5 

1.0 4.6 0.3 1.1 
Others 

(roadside) 

  
 

STN38AD    

STN35US 2202642 6118268      1.4 5.1 0.27 
1.0

3 

Others 

(roadside) 

     

STN36US 2202135 6117791 231 

23.9 

± 

1.1 

41.4 

± 

2.4 

371.8 

± 

6.9 

3.5 

± 

0.4 

0.6 6.5 0.2 1.2 
Others 

(cemetery) 

  
 

STN40AD     

Brown 

forest soil 

(BFS) 

2200292 6131104 249 14.1 

± 

 1.3 

16.7 

± 

2.3 

318.8 

± 

9 

18.4 

± 

0.6 

1.0 3.0 0.2 2.1 Undisturbed 

soil 

  
  

   

Coal ash 

(CA) 

2210737 6125749 351 91.1 

± 

 1.7 

69.5 

± 

3.3 

414.4 

± 

8.9 

0.09 

± 

0.4 

6.3 12.8 0.5 2.7 Production of 

“CFPP” 
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Table S. 2. Results of elemental (U, Th, K, Cs) and activity concentrations (226Ra, 232Th, 40K, 137Cs) in Ózd attic dust (n=42), urban soil (n=56), 

brown forest soil (n=1) and smelter slags 1 and 2 samples, categories of sampling sites and their locations (x, y), elevation (m), characteristics of 

houses  

Attic dust Coordinates of the sampling locations  

(X, Y) meter 

Activity concentration  

(Bq kg-1) 

Elemental concentration 

(mg kg-1) 

Category of 

sampling sites 

Characteristics of houses 

  

 X Y 

Elevation, m* 

226Ra 232Th 40K 137Cs U Th K Cs  
Year 

of 

built 

Roof 

type 

Sampling 

surface 

Construction 

material 

**Slope° 

Terrain 

aspect° 

OZD01AD 2255695 6141110 

179 52.2 

± 

0.8 

23.5 

± 

2.1 

483.6 

± 

31.6 

93.3 

± 

4.7 

1.5 2.1 0.4 1.8 Priest house 1897 Metal 
Wooden 

beam 
Bricks 7.2 

297 

OZD02AD 2251528 6145835 

180 63.3 

± 

0.6 

27.1 

± 

3.4 

595.2 

± 

37.5 

74.1 

± 

3.8 

1.8 2.2 0.6 1.7 Priest house 1950 Slate 
Wooden 

beam 
Bricks 1.1 

97 

OZD03AD 2259744 6142814 173 - - - - 2.1 1.8 0.3 3.6 Family house 1903 Tile 
Wooden 

beam 
Bricks 

OZD04AD 2253809 6152311 196 - - - - 1.9 1.7 0.5 1.3 Family house 1929 Tile 
Wooden 

beam 
Adobe 

OZD05AD 2256881 6147495 185 - - - - 1.8 1.5 0.3 2.4 Family house 1963 Tile 
Wooden 

beam 
Bricks 

OZD06AD 2259419 6142538 

192 31.0 

± 

0.9 

16.3 

± 

1.6 

225.5

± 

20.1 

51.3 

± 

2.7 

2.2 2.2 0.2 4.0 Church 1903 Slate 
Wooden 

beam 
Bricks 1.1 

163 

OZD07AD 2259447 6142525  - - - - 2 2.5 0.4 3.3 Family house 1900 Slate 
Wooden 

beam 
Bricks 

OZD08AD 2262064 6145264 

179 19.5 

± 

1.3 

14.3 

± 

1.4 

278.6 

± 

18.6 

39.7 

± 

2.0 

2.2 1.6 0.4 2.8 Priest house 1790 Tile 
Wooden 

beam 
Bricks 5.6 

141 

OZD09AD 2258941 6147392  - - - - 1.9 1.6 0.6 2.4 Family house 1947 Metal 
Wooden 

beam 
Bricks 

OZD11AD 2261619 6146517  - - - - 1.8 1.4 0.5 3.1 Kindergarten 1962 Metal 
Wooden 

beam 
Bricks 
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OZD12AD 2257715 6142207  - - - - 2.1 2.8 0.4 3.4 Family house 1980 Tile 
Wooden 

beam 
Bricks 

OZD13AD 2261332 6145778 

165 42.5 

± 

0.5 

20.4 

± 

3.0 

375.7

± 

28.2 

100.8 

± 

5.2 

1.9 1.8 0.4 2.4 Blockhouse 1920 Tile 
Wooden 

beam 
Bricks/Adobe 2.3 

106 

OZD14AD 2261910 6145226 

170 38.4 

± 

1.6 

14.4 

± 

6.6 

322.6

± 

24.8 

72 

± 

3.6 

2.4 1.9 0.3 3.2 Blockhouse 1874 Tile 
Wooden 

beam 
Adobe 3.1 

106 

OZD15AD 2258591 6144336 

135 45.5 

± 

1.3 

18.6 

± 

3.9 

334.8 

± 

26.0 

62.8 

± 

3.3 

2.8 2.2 0.3 3.2 Blockhouse 1957 Tile 
Concrete 

beam 
Concrete 3.1 

228 

OZD17AD 2256280 6148391 

174 

< dl 

21.2 

± 

6.9 

570.2 

± 

41.1 

95.1 

± 

5.0 

1.0 0.2 0.8 2.1 Family house 1903 Tile 
Wooden 

beam 
Bricks 1.6 

235 

OZD19AD 2259019 6146228 

186 11.0 

± 

3.4 

14.7 

± 

3.0 

314.9

± 

24.8 

120.9 

± 

5.9 

1.7 1.1 0.4 2.4 Family house 1957 Tile 
Wooden 

beam 
Brick/concrete 2 

158 

OZD20AD 2257365 6137842 

202 50.8 

± 

1.1 

12.4 

± 

1.7 

230.1 

± 

23.3 

93.3 

± 

4.8 

1.3 1.0 0.4 1.9 Kindergarten 1890 

Wood 

and 

tile 

Wooden 

beam 
Bricks 3.1 

265 

OZD21AD 2258354 6143257 186     1.7 2.6 0.5 2.9 Church 1967 Tile 
Wooden 

beam 
Bricks 

OZD22AD 2256488 6143552 

187 62.9 

± 

0.7 

20.2 

± 

3.1 

350.3 

± 

26.8 

129.1 

± 

6.5 

1.5 1.8 0.3 2.4 Blockhouse 1951 Tile 
Wooden 

beam 
Bricks 1.2 

183 

OZD24AD 2255745 6143560 200 - - - - 1.8 1.9 0.4 2.6 Blockhouse 1961 Tile 
Wooden 

beam 
Bricks 

OZD25AD 2255570 6143772 

203 39.1 

± 

1.1 

20.0 

± 

4.5 

437.4 

± 

31.1 

223.4 

± 

6.5 

2.2 1.4 0.5 2.4 Blockhouse 1954 Tile 
Concrete 

beam 
Bricks 4 

270 

OZD26AD 2259310 6142306 

184 18.6 

± 

0.7 

16.2 

± 

2.4 

300.8 

± 

21.3 

21.5 

± 

1.4 

1.8 2.2 0.3 2.6 Blockhouse 1926 Slate 
Wooden 

beam 
Bricks 3.4 

193 

OZD28AD 2259444 6142935 

184 34.4 

± 

0.5 

16.6 

± 

1.1 

228.1 

± 

15.6 

28.3 

± 

1.5 

2.4 2.5 0.3 4.7 Blockhouse 1945 Slate 
Concrete 

beam 
Bricks 1.5 

227 
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OZD30AD 2258192 6141031  - - - - 2.1 2.6 0.7 5.0 Family house 1988 Tile 
Concrete 

beam 
Bricks 

OZD33AD 2259208 6140130 

197 49.5 

± 

0.6 

18.2 

± 

2.4 

429.0 

± 

28.1 

74.9 

± 

3.8 

1.8 1.8 0.6 2.6 Family house 1950 Slate 
Wooden 

beam 
Bricks 3.8 

47 

OZD34AD 2259394 6139765 

205 

<dl 

14.8 

± 

2.7 

414.3 

± 

27.8 

85.5 

± 

4.3 

1.5 1.5 0.6 2.2 Family house 1930 Tile 
Wooden 

beam 
Bricks 7.2 

54 

OZD36AD 2250331 6144479 194     1.8 0.6 1.4 1.9 Family house 1912 Tile 
Concrete 

beam 
Bricks 

OZD37AD 2252814 6145944 

197 35.1 

± 

3.3 

21.9 

± 

5.2 

540.8 

± 

38.9 

238.6 

± 

11.5 

1.7 1.2 0.5 2.1 Family house 1970 Tile 
Wooden 

beam 
Bricks 2.8 

260 

OZD38AD 2253931 6145249 184     1 0.9 0.5 1.7 Family house 1960 Tile 
Wooden 

beam 
Bricks 

OZD39AD 2254078 6145024 180     1.5 0.3 1.8 2.9 Family house 1960 Tile 
Wooden 

beam 

Wood and 

cement 

OZD40AD 2256587 6145293 

197 9.54 

± 

2.8 

13.4 

± 

1.9 

1493 

± 

77.9 

116.7 

± 

5.7 

2.1 0.7 3.3 1.8 Family house 1971 Tile 
Concrete 

beam 
Bricks 2.5 

199 

OZD41AD 2256470 6144713 
170 

 
    1.6 2.1 0.4 2.6 Family house 1963 Tile 

Wooden 

beam 
Bricks 

OZD43AD 2259908 6144774 

165 30.9 

± 

1.5 

12.4 

± 

2.1 

264.1 

± 

20.5 

25.5 

± 

1.6 

2.4 2.1 0.3 3.2 Family house 1940 Tile 
Wooden 

beam 
Bricks 4 

117 

OZDAD 

45UL 
2259746 6143306 

187 26.3 

± 

2.5 

26.3 

± 

2.1 

358.4 

± 

25.9 

1.9 

± 

1.0 

1.2 4.5 0.2 2.2 Blockhouse*1 1878 Metal Iron beam Bricks 3.2 

333 

OZDAD 

45LL 
2259746 6143306 

187 28.3 

± 

1.7 

15.0 

± 

2.0 

144.7 

± 

18.8 

16.0 

± 

1.4 

2.6 2.2 0.2 4.7 Blockhouse*1 1878 Metal Iron beam Bricks 3.2 

333 

OZD46AD 2254672 6141007 114     1.3 1.5 0.5 1.7 Family house 1970    
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OZD47AD 2255796 6140258 

198 46.0 

± 

2.2 

15.3 

± 

6.7 

484.9 

± 

36.2 

272.8 

± 

13.0 

2.5 2.6 0.7 3.9 Family house 1978 Slate 
Wooden 

beam 
Bricks 5.5 

262 

OZD48AD 2256181 6139607 206     1.5 0.8 0.7 2.2 Family house 1960 Tile 
Wooden 

beam 
Bricks 

OZD49AD 2257449 6138615 

266 25.9 

± 

3.1 

9.5 

± 

3.3 

223.5 

± 

23.2 

71.4 

± 

3.8 

2.4 1.4 0.3 2.2 Family house 1978 Tile 
Wooden 

beam 
Bricks 5.1 

146 

OZD51AD 2259197 6135827 

212 23.8 

± 

5.2 

12.5 

± 

5.3 

403.2 

± 

32.7 

71 

± 

3.9 

2.4 1.3 0.6 2.4 Family house 1920 Tile 
Wooden 

beam 
Bricks 3.7 

214 

OZD52AD 2255547 6142116 

180 

< dl 

8.1 

± 

3.3 

80.50 

± 

20.3 

62.1 

± 

3.4 

1.7 0.9 0.2 1.5 Family house 1940 Tile 
Wooden 

beam 
Bricks 7.2 

127 

OZD53AD 2255540 6142086 211     1.5 1.6 0.5 2.3 Family house 1940 Tile 
Wooden 

beam 
Bricks 

OZD54AD 2257283 6137854 

215 

 2.6 

± 

1.0 

8.0 

± 

6.2 

508.8 

± 

35.2 

38.4 

± 

2.6 

0.5 0.9 0.9 0.7 Church 1945 Slate 
Wooden 

beam 
Cements 0.9 

 

173 
*the height of building (m) is added; ** Slope of the ground below the building; *** renovation; dl: detection limit of 226Ra: 1.6 Bq kg-1; *1Repair hall of the former iron and steel factory 

Urban soil X Y Elevation 

/m/ 

226Ra 232Th 40K 137Cs U Th K Cs Category     

OZD01US 2253761 6152297  - - - - 1.1 2.3 0.3 0.6 Playground     

OZD02US 2251545 6145643  - - - - 0.6 3.9 0.3 0.8 Playground     

OZD03US 2257529 6146357  - - - - 0.9 4.9 0.3 0.9 Playground     

OZD04US 2255716 6145221  - - - - 1.3 4.3 0.3 1.0 Playground     

OZD05US 2259398 6144606  - - - - 0.8 4.1 0.3 1.2 Kindergarten     

OZD06US 2258461 6144457  - - - - 0.9 4.5 0.3 1.0 Kindergarten     

OZD07US 2257807 6143243  - - - - 0.8 4.5 0.4 1.5 Kindergarten     
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OZD08US 2256842 6143276  - - - - 0.8 4.7 0.3 1.2 Kindergarten     

OZD09US 2261655 6146522  - - - - 0.7 2.8 0.3 1.1 Kindergarten     

OZD10US 2266044 6147857  - - - - 0.5 3.3 0.2 0.9 Kindergarten     

OZD11US 2267029 6149626  - - - - 0.8 4.4 0.2 1.2 Playground     

OZD12US 2262017 6144962  - - - - 1 3.6 0.3 1.2 Kindergarten     

OZD13US 2259497 6142878  - - - - 0.9 4.1 0.3 1.8 Kindergarten     

OZD14US 2259125 6141261  - - - - 0.7 5 0.3 1.0 Kindergarten     

OZD15US 2255163 6144473  - - - - 0.9 4.8 0.3 1.2 Kindergarten     

OZD18US 2262031 6145225  - - - - 1 2.2 0.3 1.3 Kindergarten     

OZD19US 2256581 6140364  - - - - 0.7 4.4 0.4 1.1 Kindergarten     

OZD21US 2256606 6147695  - - - - 1.1 4.6 0.4 1.6 Playground     

OZD23US 2257314 6137806  - - - - 0.8 3.2 0.2 1.0 Kindergarten     

OZD24US 2256547 6144114  - - - - 0.6 4.1 0.3 0.8 Park     

OZD25US 2255840 6143477  - - - - 1 4.3 0.2 1.0 Playground     

OZD26US 2257843 6142348  - - - - 0.9 3.3 0.3 1.5 Playground     

OZD27US 2258871 6140636  - - - - 0.8 4.5 0.3 1.3 Playground     

OZD28US 2258626 6146878  - - - - 1 2.7 0.3 1.2 Playground     

OZD29US 2257907 6144972  - - - - 1 3.7 0.2 1.14 Playground     

OZD30US 2260420 6146832  - - - - 1.1 2.7 0.3 1.3 Playground     

OZD31US 2261028 6145562  - - - - 2.1 3.5 0.2 1.3 Park     

OZD32US 2250339 6144503  - - - - 0.7 5.4 0.3 1.2 Others     

OZD33US 2253214 6145830  - - - - 0.7 4.9 0.2 0.9 Others     

OZD34US 2253929 6145231  - - - - 0.7 4 0.2 0.7 Others     

OZD35US 2254043 6144981  - - - - 0.8 2.7 0.1 0.6 Others     

OZD36US 2256591 6145233  - - - - 1.5 3.5 0.2 1.2 Others     

OZD37US 2260308 6143879  - - - - 0.9 3.5 0.2 0.9 Others     

OZD38US 2259691 6143290  - - - - 2.3 2.3 0.2 4.8 Others - old 

industry 

    

OZD39US 2258952 6135821  - - - - 1.7 2.8 0.2 0.6 Playground     

OZD40US 2257200 6137918  - - - - 3 2.6 0.2 0.4 Park     

OZD41US 2254898 6141678  - - - - 0.8 4.2 0.2 0.9 Playground     
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OZD42US 2255566 6141545  - - - - 1.4 3.2 0.3 1.6 Playground     

OZD43US 2260285 6142847  - - - - 0.8 3.7 0.2 1.0 playground     

OZD44US 2260669 6141970  - - - - 4.2 3.3 0.2 1.0 Others - old 

industry 

    

OZD45US 2260232 6142983  - - - - 0.7 3.7 0.4 1.1 Kindergarten     

OZD46US 2259317 6139915  - - - - 1.1 3 0.2 0.4 Kindergarten     

OZD47US 2258647 6141308  - - - - 0.8 3.9 0.3 1.0 Playground     

OZD48US 2258275 6136830  - - - - 1 2.8 0.3 1.1 Others     

OZD49US 2256136 6139553  - - - - 1.2 1.8 0.4 1.0 Others     

OZD50US 2255827 6139765  - - - - 0.8 3.5 0.3 0.7 Others     

OZD51US 2253047 6152866  - - - - 1.1 2.7 0.3 0.9 Park     

OZD52US 2257342 6147642  - - - - 1 2.7 0.2 1.0 Others     

OZD53US 2259416 6145524  - - - - 0.8 2.9 0.3 1 Others     

OZD54US 2266141 6149894  - - - - 2.1 3.8 0.3 3.83 Others - new 

industry 

    

OZD55US 2264560 6147710  - - - - 0.9 1.8 0.3 0.7 Others     

OZD56US 2263068 6145710  - - - - 1 3.8 0.3 1.28 Others     

OZD57US 2262468 6146913  - - - - 1.1 1.8 0.2 1.0 Others     

OZD58US 2261980 6143594  - - - - 0.8 4.4 0.2 1.0 Others     

OZD59US 2254299 6140909  - - - - 0.7 2.9 0.3 0.9 Others     

OZD60US 2257210 6138552  - - - - 1.2 3.6 0.2 0.6 Playground     

Brown forest soil (BFS)       0.8 6.4 0.2       1.1 Undisturbed  

soil  

    

Smelter slag -1 (SS-1)       1.41 1 0.01 0.0

1 

Production of 

iron/steel factory 

    

Smelter slag -2 (SS-2)       1.26 0.9 0.01 0.0

1 

Production of 

iron/steel factory 
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Table S. 3. Analytical precision calculated for studied elements (U, Th, K, Cs mg kg-1)and 

radionuclides (226Ra, 232Th, 40K, 137Cs) from duplicates of 6 Salgótarján attic dust, 3 Salgótarján 

urban soils, 6 attic dust from Ózd and 5 Ózd urban soil samples. 

 Salgótarján attic dust Salgótarján urban soil   

Elemental concentrations mg kg-1    
05AD 17AD 18AD 26AD 36AD 38AD 06US 12US 28US   

U 6.9 9.7 8.3 8.3 1.9 13.6 0.0 8.3 0.0   

Th 1.8 5.4 8.3 1.8 6.1 8.5 6.7 13.3 5.2   

K 15.7 0.0 7.5 1.0 6.4 2.1 0.0 3.0 15.0   

Cs  5.2 5.6 3.5 3.0 1.7 6.0 2.0 4.1 16.3   

Activity concentrations Bq kg -1 
  

226Ra 3.6 41.6 40.8 19.4 17.7 13.9 
     

232Th 18.9 36.8 16.0 8.9 12.7 12.9 
     

40K 8.6 11.3 3.2 31.9 24.8 1.0 
     

137Cs  11.6 43.5 34.1 18.1 23.5 11.9 
     

 Ózd attic dust    Ózd urban soil 

Elemental concentrations mg kg-1  
 02AD 13AD 15AD 28AD 43AD 45AD 02US 13US 15US 28US 43US 

 

U 0.0 3.6 10.0 13.0 4.9 19.0 0.0 3.6 10.8 0.0 16.4 

Th 11 14 10.0 1.5 0.0 0.0 11.7 14.1 10.3 5.4 0.0 

K 2.5 5.8 10.0 2.3 1.0 2.2 2.5 5.8 10.8 2.4 9.4 

Cs  0.0 4.8 3.6 8.1 0.0 0.0 0.0 4.8 3.6 1.5 2.0 

 

Table S. 4. Estimated gamma dose rate D (nGy h-1), annual effective dose E (mSv y-1), in the 

study area based on the results for the activity concentrations of 226Ra, 232Th, 40K, and 137Cs in 

attic dust and urban soil, brown forest soil and coal ash samples. 

 

Attic dust (n=36) 

Absorbed 

gamma 

dose rate 

(nGy h-1) 

 

Urban soil (n=19) 

Absorbed 

gamma dose 

rate  

(nGy h-1) 

Annual 

effective 

dose E 

(mSv y-1) 

STN01AD 55 STN06US 37 0.05 

STN02AD 57 STN09US 64 0.08 

STN03AD 70 STN11US 43 0.05 

STN04AD 46 STN12US 42 0.05 

STN05AD 70 STN13US 58 0.07 

STN06AD 80 STN15US 39 0.05 

STN07AD 67 STN16US 52 0.06 

STN08AD 101 STN19US 54 0.07 

STN09AD 59 STN20US 59 0.07 
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STN10AD 38 STN21US 51 0.06 

STN12AD 47 STN22US 43 0.05 

STN13AD 63 STN23US 36 0.04 

STN14AD 55 STN25US 40 0.05 

STN15AD 22 STN28US 49 0.06 

STN16AD 51 STN29US 62 0.08 

STN17AD 126 STN31US 41 0.05 

STN18AD 152 STN32US 52 0.06 

STN20AD 68 STN34US 44 0.05 

STN21AD 82 STN36US 52 0.06 

STN24AD 56    

STN25AD 80    

STN26AD 47    

STN27AD 52    

STN28AD 49    

STN29AD 51    

STN30AD 64    

STN31AD 103    

STN32AD 113    

STN33AD 53    

STN34AD 81    

STN35AD 156    

STN36AD 105    

STN37AD 97    

STN38AD 70    

STN39AD 68    

STN40AD 105    

Brown forest soil (BFS) 32 0.04   

Coal ash (CA) 101 0.12   

UNSCEAR 

recommended value, 

outdoor 

59    
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Supplementary figures  

 

Figure S. 1. (A) Collection of layered dust sample in Ózd at the former industrial district, (B) 

upper layer. (OZD45ADUL) and (C) lower layer (OZD45ADLL) after sieving (<0.125 μm).   

 

 

 

Figure S. 2. (A) Variation of Th vs. U (mg kg-1) and (B) of 232Th vs. 226Ra (Bq kg-1) in 

Salgótarján attic dust samples. Note the 15AD sample is highly distinct in elemental (A) and 

in activity concentration values (B) compared to the other STN attic dust samples. (C) STN15 

attic space having unusual iron timber at sampling site. This attic area was also unexpectedly 

frequently cleaned by residents.  
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Figure S. 3. Relationship between U content (mg kg-1) in attic and urban soil in function of 

distance from coal-fired power plant. 

 

Figure S. 4. Fitted topography of studied Salgótarján urban area maps using attic dust samples 

(n=36) for the kriging methodology. The empirical (black dotted line) and fitted spherical 

semivariogram (blue line) derived 226Ra, 232Th and 40K from activity values for Salgótarján 

attic dust. For Salgótarján the parameters of the spherical semivariogram model are C0 = 325; 

C0 + C = 1287; ae = 5.5 km; r2 = 0.4; RSS = 924360 (A); for 232Th, C0 = 109; C0 + C = 398; 

ae = 5.9 km; r2 = 0.5; RSS = 70705 (B) and C0 = 430; C0 + C = 8040; ae = 8.9 km; r2 = 0.3; 

RSS = 1.23E+0.7 (C). Numbers next to values of the empirical semivariogram (black 

numbered dots) represent the data pairs within a given distance The bin width was uniformly 

630 m with a maximum lag distance of 6.3 km for 226Ra and 232Th and bin width was uniformly 

890 m with a maximum lag distance of 8.9 km for 40K.  The dashed line indicates the variance.  
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Figure S. 5. Fitted topography of studied urban area maps for the kriging methodology. The 

diameters of filled circles are proportional to 137Cs activities (A and B), with labels; blue lines: 

creeks (map projection: EPSG:3857, WGS 84/Mercator projection (m)). The empirical (black 

dotted line) and fitted spherical semivariogram (blue line) derived from 137Cs activity values 

for Salgótarján (A.1) and Ózd (B.1). For Salgótarján, the parameters of the spherical 

semivariogram model are C0 = 1; C0+C = 2672; a = 4.2 km; r2 = 0.72 (A.1); for Ózd, C0 = 1; 

C0+C = 1048; a = 1.7 km; r2 = 0.51 (B.1). Numbers next to values of the empirical 

semivariogram (black numbered dots) represent the data pairs within a given distance; bin 

width was 590.9 m for Salgótarján and 610.0 m for Ózd. Max lag distances were 6500 m and 

6010 m for Salgótarján and Ózd, respectively. The dashed line indicates the variance.  


