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Abstract: The paper investigates a possible hazard originating from natural radionuclides in building
materials in a selected historical building being reconstructed for housing. Both outdoor and indoor
risks were evaluated through the radiological indices and estimated doses, based on measured
activities of natural radionuclides in stone and brick materials of the building. The average measured
activity concentrations of radionuclides were 7.32 Bq/kg for 226Ra, 40.05 Bq/kg for 232Th, and
546.64 Bq/kg for 40K radionuclides. The average total activity concentration in building materials
(594.0 Bq/kg) exceeded the world average value. A correlation was found between the potassium
content in the building material samples and the total activity of radionuclides. The gamma indices,
Iγ, calculated for the samples, ranged in an interval of 0.26–0.60, not exceeding the restricted limit for
bulk materials Iγ = 1. The average annual effective dose due to building materials was 0.53 mSv/y,
which does not exceed the limit (1 mSv/y), however, it contributes to a gamma dose excess that is
higher than recommended (0.3 mSv/y at the most). The bricks were responsible for a higher level
of natural radiation than natural stone material. Nevertheless, based on the radiation protection
requirements, it can be concluded that the building can be used for residential purposes after
the reconstruction, as no significant human health impact is expected due to the radioactivity of
building materials.

Keywords: gamma index; building materials; NORM; natural radionuclides; natural radiation; 226Ra;
40K; 232Th

1. Introduction

The radiation to which the human population is exposed comes from many diverse
sources. Some of these sources are natural; others are the result of human activities.
The radiation from natural sources includes cosmic radiation, external radiation from
radionuclides in Earth’s crust, and internal radiation from radionuclides inhaled or ingested
and retained in the body [1,2]. The magnitude of these natural exposures depends on
geographical location and on some human activities [1,2]. Height above sea level affects the
dose rate from cosmic radiation; radiation from the ground depends on the local geology [3].
A significant part of the total dose contribution in the form of natural sources comes from
terrestrial gamma radionuclides [2]. Nuclides with half-lives comparable with the age
of the Earth or their corresponding decay products, existing in terrestrial materials, such
as 40K, 226Ra, and 232Th radionuclides, are of great interest [1,2]. The human population
worldwide receives an average annual radiation dose of 2.4 mSv/y, about 80% of which
comes from naturally occurring radionuclides, while the remaining part is largely due to
artificial sources of which fallout radionuclides account for only 0.4% [2].

Since most people spend about 80% of their time indoors, controlling the natural
ionizing radiation in buildings is of great importance. One of the main sources of the
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indoor radiation is represented by building materials as building materials contain natural
radionuclides [4]. Natural radioactivity of building materials originating from natural
sources (soil, rock) is connected mainly with the radium (226Ra), thorium (232Th), and
potassium (40K) radionuclides [5]. The built-in materials can cause both external and
internal exposures indoors. The external exposure is caused by gamma radiation resulting
from the decay of the radionuclides present in material; the internal exposure is caused by
inhalation of the decay products of radionuclides present in materials, e.g., radon gas [6].
The level of radon concentrations, which can originate not only from building materials,
but also from water and subsoil, is a non-negligible factor when evaluating indoor spaces.
It is the subsoil that is often the most significant source of the presence of radon in the
indoor environment [7,8]. Knowledge of hazards is required to take protective precautions
to decrease the exposure of the population to ionizing radiation [9].

The main effects of ionizing radiation on living organisms are cell death, loss of
reproductive capacity, or mutation. However, such effects depend on several factors,
with the dose rate and the linear energy transfer (LET) of the radiation being the most
important. The dose rate is the delivery of dose per unit time and the absorbed dose is
typically measured in Grays, Gy, where 1 Gy = 1 J/kg [10]. The higher the dose rate, the
greater the cell damage. Exposure to gamma radiation in the indoor environment would
result in low doses of radiation. Recent advances in the knowledge of the mechanisms
underlying the biological effects of low doses have shown that low radiation dose effects
are mechanistically different to high radiation dose effects, with low radiation dose effects
being similar to those of some chemicals in the environment. Thus, results under mixed
exposures to radiation and chemicals may not be predictable for human health, by the
consideration of single agent effects. It has been observed that the risk of increase in cancer
incidence caused by low-dose radiation is low, but recent epidemiological studies have
indicated elevated risks of non-cancer diseases (e.g., perturbation of immune function or
induction of inflammatory reactions with disease) at low doses below 1–2 Gy, and in some
cases much lower, although the mechanisms are still unclear and the estimation of risks
remains problematic [11].

Natural radioactivity in building materials is measured as the activity concentration
of the 40K, 226Ra, and 232Th radionuclides [12]. Since the distribution of 226Ra, 232Th, and
40K in building materials is not uniform, the real radioactivity levels in building materials
can be assessed in the form of a single quantity by using several radiological indices [13].
The activity concentration index (gamma index) Iγ, including activity concentrations of
all three radionuclides, was proposed by the European Commission and it is most often
used to assess the dose level of external gamma radiation from building materials [14]. The
activity concentration index shall not exceed the defined values (e.g., for bulk materials
Iγ = 1) to ensure that the annual dose criterion of 1 mSv is met [14]. However, based
on the radiation protection principles in the EU, controls are recommended for building
materials contributing to overall dose by the value of 0.3–1 mSv/y [14] which corresponds
to Iγ = 0.5–1 for bulk materials. Besides the activity concentration index, several others
have been developed over the years to evaluate the radiation exposure due to building
material, e.g., alpha index [10], indoor and outdoor hazard indices [15], different dose
parameters [16–18]. Several studies have been presented concerning the natural radioac-
tivity of building materials [19–24], based on which it can be concluded that conventional
building materials do not pose a radiological hazard due to gamma radiation and rarely
exceed the EU annual dose criterion for radiation protection. The worldwide average activ-
ity concentrations in building materials are 35 Bq/kg for 226Ra, 30 Bq/kg for 232Th, and
400 Bq/kg for 40K which correspond to a dose of 0.25 mSv/y [14]. However, a significantly
higher level has been detected in some countries, such as Iran [25], Cameroon [26], or
Chad [27].

On the other hand, the sustainability and circular economy principles require waste
recycling or their re-use which leads to more significant incorporation of various industrial
wastes into building materials. This is mainly connected with concrete and cement compos-
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ites, thus representing more sustainable materials [28–31]. Waste often has a higher level
of radioactivity than natural materials and therefore there is a need to monitor not only
conventional but also these new sustainable materials in order to guarantee their safety
when applied to the indoor environment [32].

Currently, several studies are devoted to the natural radioactivity of building materials
as well as to the monitoring of the occurrence of radon in the interior, but there is rarely
information on radiation exposure in historical buildings or the study of the radioactivity
of historical materials. At present, in terms of cultural heritage, great emphasis is placed on
the protection and restoration of historical site buildings that can be found not only in the
historical centers of regional, district towns and surrounding villages but also in remote
places [33,34]. The fact is that in the past, one was forced to build dwellings of the materials
that were available and they were not always investigated for the potential radiological
risk [35].

In this research, natural radioactivity of building materials from a selected UNESCO
historical building in Slovakia was studied in order to assess the radiological impact of the
historical building materials. Determination of the activity levels of the radionuclides and
consequent evaluation of the building materials were performed in a historical building
which was reconstructed for the purpose of its further use for housing. Radiation mea-
surements of building materials aimed to determine the dose of radiation exposure from
materials, and to evaluate the possible health risks posed by radiation.

2. Materials and Methods

The research of radioactivity of building materials in this study was carried out in
the historic building in Master Paul’s Square of the UNESCO city Levoča, Slovakia. More
detailed characteristics of the historical building are given in Section 2.1. Part of this
building was undergoing reconstruction for residential purposes and building materials,
represented by brick and stone samples, were collected during the reconstruction period
as described in Section 2.2. After preparing the material samples (Section 2.3), chemical
analysis was performed to determine the basic chemical composition of the brick and
stone samples as well as to estimate the potassium radionuclide content based on the
total potassium concentrations. The activity concentrations of radionuclides (226Ra, 232Th,
and 40K) were measured in powdered samples of stone and brick materials using gamma
spectrometry (Section 2.5). Measured values of the activity concentrations of radionuclides
were used for the estimation of the external gamma exposure due to building materials by
calculation and evaluation of various radiological indices and doses as described in more
detail in Section 2.5. The general diagram of the research procedure is given in Figure 1.

Figure 1. Schema of the steps and tools in the research.
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2.1. Historical Building under Study

The historical burgher house selected for the investigation, with the inventory number
43 and also known as the Mariássy Palace or the patrician house, has a rich history. The
building is one of the largest and historically most important burgher houses in Mas-
ter Paul’s Square, Levoča, which falls under the strictest level of monument protection
in Slovakia. The house is segmented into six main parts according to the diagram in
Figure 2 [36,37].

Figure 2. Division of the analyzed building no. 43 into various segments (left), contemporary
decoration of the main facade—view from Master Paul´s Square (right) [36].

The oldest building structures were realized in the 14th century. Since that period,
the building has passed through a number of renovations and reconstructions. The results
of detailed historical research that document the development phases of the building are
illustrated in Figure 3.

Figure 3. Stylistic analysis and origin of the structures [37].

At present, building no. 43, part 43-A hosts the city gallery, part C serves for housing.
The atrium parts 43-B1/a, 43-B1/b, 43-B2/a, 43-B2/b are currently unused. The last
purpose of this part of the building was mainly for housing and storage space. The current
state of building no. 43 in Master Paul´s Square is shown in Figure 4 [36,37].



Materials 2022, 15, 6876 5 of 18

Figure 4. Current state of building no. 43 in Master Paul´s Square, view from the square.

2.2. Sampling

Three sampling points of building materials for the radioactivity analysis were chosen
in the middle part of section 43-B1/a as seen in Figures 2 and 5. Although this was not the
oldest part of the building, there were several reasons for choosing this part of the building
in terms of authenticity [36,37], e.g., minimal or no changes in room layout during use
for approx. 400 years, original or minimally modified building structures with historical
materials: masonry, mortars, plasters, this part of the building was not affected by the fires,
and the 43-B1/a part of the building includes a basement, so it was possible to take material
from all three floors. The stone (S) and brick samples (B) were collected from each sampling
point during spring. Indoor air temperature in the rooms was in the interval 19.3–20.6 ◦C,
relative air humidity 57%. All spaces had only natural ventilation and the windows were
closed during sampling. Therefore, ventilation was carried out only by infiltration through
the old historical wooden double windows.

Figure 5. Location of the sampling points in the building.



Materials 2022, 15, 6876 6 of 18

2.2.1. Basement

The basement in the courtyard at elevation 569.52 m a.s.l. has an entrance through
a stone rectangular portal from the courtyard. The space, accessible by stairs, has a floor
made of steamed clay and is vaulted with a barrel vault with lunettes; on the south wall
there is a ventilation opening to the facade of the square. Samples of building stone (SB)
and solid fired brick (BB) were taken from the northeastern wall, the construction of which
dates back to around 1600 [36,37]. The sampling points were located about 1000 mm above
the floor level.

2.2.2. First Floor

Yard wing 43-B1/a at elevation 573.15 m a.s.l. extends over an area of 84 m2. It consists
of four rooms being accessible from the courtyard. Room No. 1.11 which was chosen for the
sampling is vaulted with a barrel vault with lunette sections [36,37]. Samples of building
stone (S1st) and solid fired bricks (B1st) were taken from the northeast wall of the room
approximately 1000 mm above the floor level.

2.2.3. Second Floor

The courtyard wing 43-B1/a on the second floor at elevation 576.81 m a.s.l. was built
in the early Baroque style [36,37]. It consists of four original rooms. Samples of building
stone (S2nd) and solid fired bricks (B2nd) were taken from the northeast wall of room
2.15 approximately 1000 mm above floor level. Before removing the material, a modern
lime-cement layer of plasters with painting was removed.

2.3. Sample Preparation for the Analysis

The samples were reduced to smaller sizes by a jaw crusher (BRIO BCD 3) and then
ground using a planetary rotary mill (SFM-1) to a prescribed particle size of 0.5 mm.
Consequently, the powders of material samples were homogenized and dried at 105 ◦C in a
laboratory oven to a constant weight. Subsequently, the bulk samples were homogeneously
dispersed into Marinelli type containers (450 mL volume), weighed, and, after closure,
subjected to Rn equilibrium for more than 150 days.

2.4. Chemical Analysis

The chemical composition of bricks was determined by X-ray fluorescence analysis
(XRF) using SPECTRO iQ II (Ametek, Weiterstadt, Germany). Samples were measured in
powder form (4 g) for 10 min.

2.5. Measurement of Radionuclides’ Activity Concentration

The activity concentrations of radionuclides (226Ra, 232Th, and 40K) in studied materials
were measured using gamma ray spectrometry. Measurements were carried out using an
EMS-1A SH (Empos, Prague, Czech Republic) detection system equipped with a NaI/Tl
scintillation detection probe and an MC4K multichannel analyzer with optimized resolution
of 818 V, 4.096 channels, and with 9 cm of lead shielding and internal lining of 2 mm
tinned copper.

The specific activity concentrations of 226Ra, 232Th, and 40K were determined in Bq/kg
using the count spectra. The 40K radionuclide was measured directly through its gamma
ray energy peak at 1461 keV, while activities of 226Ra and 232Th were calculated based on
the mean value of their respective decay products. Activity of 226Ra was measured using
the 351.9 keV gamma rays from 214Pb and the activity of 232Th was measured using the
238.6 keV gamma rays of 212Pb. The same counting time of 86.400 s (24 h) was used for all
measured samples. The characteristics of the measured radiation quantities of particular
radionuclides are given in Table 1.
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Table 1. Measured radiation quantities and their characterization.

Radiation Quantities Labeling Unit Characteristic

Activity concentration of 226Ra ARa Bq/kg
the activity of 226Ra in 1 kg of the analyzed material, measured as the
number of spontaneous nuclear transformations of the 226Ra radionuclide
per second

Activity concentration of 232Th ATh Bq/kg
the activity of 232Th in 1 kg of the analyzed material, measured as the
number of spontaneous nuclear transformations of the 232Th radionuclide
per second

Activity concentration of 40K AK Bq/kg the activity of 40K in 1 kg of the analyzed material, measured as the number
of spontaneous nuclear transformations of the 40K radionuclide per second

2.6. Radiological Indices and Doses Due to Building Materials

To assess the collective impact of activity concentrations of the radionuclides in a
single quantity, the radiological indices and dose parameters selected are given in Table 2.

Table 2. Radiological parameters and their characterization.

Radiological Indices and Doses Labeling Unit Characteristic

Gamma activity concentration index Iγ -
estimation of the gamma radiation hazard associated with the radionuclides
inside of the building materials, calculated from activity concentration
measurements of the material

Alpha index Iα -
estimation of exposure due to the radon gas emanation from building
materials, calculated from activity concentration measurements of the
material

Activity utilization index AUI -
estimation of total dose rates in air from naturally occurring radionuclides
in building materials, calculated from activity concentration measurements
of the material

Radium equivalent activity Raeq Bq/kg
expression of the specific activities of 226Ra, 232Th, and 40K by a single
quantity, which takes into account the radiation hazards associated with
radon and its progeny

Internal hazard index Hin - index to control the hazard due to inhalation of alpha particles emitted from
the short-lived radionuclides in buildings

External hazard index Hex -
obtained from Raeq expression through the supposition that its maximum
value allowed (equal to unity) corresponds to the upper limit of Raeq (370
Bq/kg)

Indoor external dose Din nGy/h the total absorbed gamma dose rate indoors at 1 m above the ground

Outdoor external dose Dout nGy/h the total absorbed gamma dose rate outdoors at 1 m above the ground

Indoor effective dose Ein mSv/y annual dose indoors considering the conversion factor for environmental
exposure to gamma rays

Outdoor effective dose Eout mSv/y annual dose outdoors considering the conversion factor for environmental
exposure to gamma rays

Excess lifetime cancer risk ELCR - estimation of the potential of cancer development over a lifetime, caused by
irradiation from building materials

Effective dose rate to different
body organs Dorgan mSv/y the mean energy absorbed per unit mass averaged over the entire tissue

or organ

Annual gonadal dose equivalent AGDE µSv/y
evaluation fo the potential effects of the specific activities of 226Ra, 232Th,
and 40K on certain important organs, such as reproductive organs (gonads),
bone marrow, and bone cells

The gamma activity concentration Iγ has been defined by the European Commission
according to Formula (1) [38–40]. Alpha index Iα (2) [41] was used to estimate exposure
due to the radon gas emanation from building materials. Activity utilization index AUI
was calculated using Formula (3) [42].

Iγ =
ARa

300 Bq/kg
+

ATh
200 Bq/kg

+
AK

3000 Bq/kg
(−), (1)
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Iα =
ARa

200 Bq/kg
(−), (2)

AUI =
ARa

50 Bq/kg
· 0.0809 +

ATh
50 Bq/kg

·0.4798 +
AK

500 Bq/kg
·0.4392 (−), (3)

where the values 0.00809, 0.4798, and 0.4392 represent fractional percentages of the total
dose from 226Ra, 232Th, and 40K (fRa = 8.09%, fTh = 47.98%, and fK = 43.92%)

The hazard indices were represented by external Hex and internal Hin hazard risk
indices, which are necessary to assess the potential risk resulting from the construction ma-
terials used. In principle, the external hazard index Hex is used to estimate the radiological
risk caused by exposure to the external natural radioactive gamma source. The equation is
based on the assumption that the activity of 370 Bq/kg of 226Ra, 259 Bq/kg of 232Th, and
4810 Bq/kg of 40K produce the same gamma ray dose rate. Hex maximum allowable level is
expressed based on the corresponding maximum acceptable Raeq limit (370 Bq/kg). Raeq is
expressed by (6) [43–45]. Since radon and its short-lived decay products are also hazardous
to the respiratory organs, the internal hazard index Hin has been introduced. Both indices
were calculated using the expressions (4) and (5) [46–48].

Hex =
ARa

370 Bq/kg
+

ATh
258 Bq/kg

+
AK

4810 Bq/kg
(−) (4)

Hin =
ARa

180 Bq/kg
+

ATh
258 Bq/kg

+
AK

4810 Bq/kg
(−) (5)

Raeq = ARa + 1.43ATh + 0.077AK(Bq/kg) (6)

Outdoor external dose Dout was calculated using Formula (7) [49,50]. The European
Commission, in 1999 [43], introduced the indoor external dose Din described by Formula
(8). The quantitative coefficients used in Dout and Din calculations are expressed in nGy/h
per 1 Bq/kg. The annual effective dose equivalent is used to estimate the health risk
associated with exposure of an individual. The annual effective doses are defined for
outdoor, Eout (9), and indoor, Ein (10), exposures [2,51,52]. To estimate the Ein and Eout,
the conversion factor (0.7) from absorbed dose rate in air in Sv/Gy to effective dose rate
in mSv/yr is used. The occupancy factor represents the proportion of time spent in the
indoor and outdoor environments and differs for the outdoor dose Eout (occupancy factor
of 0.2) and indoor dose Ein (occupancy factor of 0.8). The excess lifetime cancer risk
(ELCR) indicator estimates the potential of cancer development over a lifetime, caused by
irradiation from building materials. ELCR was calculated based upon values of Eout and
Ein using Formulas (11) and (12), where LE is life expectancy (70 years) [2,53] and RF is
fatal risk factor per Sievert, which is 0.05 according to [54]. The annual dose equivalent of
gonads AGDE due to the specific activities of 226Ra, 232Th, and 40K was estimated using
Formula (13) [51,55]. The annual effective dose equivalent represents the degree of genetic
significance of the annual dose that the reproductive organs of a population receive. Organs
with rapidly dividing cells, such as gonads, active bone marrow cells, lungs, testes, ovaries,
and bone surface cells, are considered interesting by the UN Scientific Committee on the
Effects of Atomic Radiation. The effective dose rate Dorgans delivered to a particular organ
can be calculated using the relation in (14) [56], where f is the conversion factor of organ
dose from air dose. The conversion factor for lungs, ovaries, bone marrow, testes, and the
whole body are 0.64, 0.58, 0.69, 0.82, 0.68, respectively [39].

Dout = 0.436ARa + 0.599ATh + 0.0417AK(nGy/h) (7)

Din = 0.92ARa + 1.1ATh + 0.081AK (nGy/h) (8)

Eout = Dout × 0.2 × 8760 (h)× 0.7(mSv/y) (9)

Ein = Din × 0.8 × 8760 (h)× 0.7(mSv/y) (10)
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ELCRout = Eout × LE × RF (−) (11)

ELCRin = Ein × LE × RF (−) (12)

AGDE = 3.09 ARa + 4.18 ATh + 0.314 AK (¯Sv/y) (13)

Dorgans = Ein × f (14)

3. Results and Discussion
3.1. Chemical Composition of Samples

The chemical analysis of the collected materials, measured by an X-ray fluorescence
analyzer (XRF) (Ametek, Germany), are given in Table 3.

Table 3. Chemical analysis of stone and brick samples—main components.

Samples SiO2 CaO Al2O3 MgO P2O5 SO3 Fe2O3 K Th U

% ppm ppm

BB 39.06 2.06 9.22 1.92 0.23 0.11 3.10 1.82 7.1 <3
SB 38.80 1.45 9.20 1.77 0.27 0.07 3.23 1.81 3.2 <3

B1st 40.29 2.00 10.96 1.96 0.13 0.10 4.33 2.08 <1.8 <3
S1st 28.06 5.75 6.83 2.03 0.08 0.34 2.31 1.22 <2.0 <3

B2nd 41.69 2.25 11.45 2.05 0.14 0.07 4.63 2.41 <2.0 <3
S2nd 29.13 11.32 7.02 2.21 0.15 0.05 2.81 1.40 <2.0 <3

The chemical composition of brick samples in Table 3 corresponds to the usual contents
of the main elements in brick clay [57]. According to the chemical composition of the stone
samples, the stones could probably belong to granite type [58]. However, the chemical
composition of the stone samples in the basement differs slightly from those collected
from the 1st and 2nd floor. To compare the similarity of the samples, the expression of
the concentration ratio of CaO to SiO2 is commonly used. While for brick samples the
CaO/SiO2 concentration ratio varies in a relatively narrow interval of 15–20, in the case
of stone samples the differences are significantly larger. The CaO/SiO2 ratio of stone
samples from the basement reached the value of 26.8, which is several times higher than
the CaO/SiO2 ratio of stone samples from the 1st and 2nd floor (4.9 and 2.6, respectively).
This finding points to non-identical stone materials analyzed.

Granite, widely used as a cladding on city buildings and also architecturally in homes,
contains an average of 3 ppm (40 Bq/kg) uranium and 17 ppm (70 Bq/kg) thorium [59].
Based on the contents of natural potassium, uranium, and thorium, the activity of radioac-
tive isotopes should be estimated in particular samples. As seen in Table 1, higher activity
concentrations of 40K can be expected in brick samples since the total potassium content
in bricks was higher than in stone samples. Content of 1% of natural potassium in rock
minerals corresponds to 313 Bq/kg of 40K radionuclide as reported in [60]. It is assumed
that 40K concentrations could range from 376 to 761 Bq/kg for the individual samples
analyzed. Radium and thorium radioisotope concentrations are difficult to estimate as the
measured XRF concentrations are below the detection limit.

3.2. Activity Concentrations of Radionuclides

The measured activity concentration of 226Ra, 232Th, and 40K radionuclides in the
stone and brick samples varied from 6.78 ± 2.1 to 8.98 ± 1.8, 22.96 ± 7.3 to 61.62 ± 7.6,
341.04± 10.2 to 781.19 ± 10.9 Bq/kg, respectively, as shown in Table 4. Profiles of the
activity concentration of various radionuclides in building material samples and world
averages are shown in Figure 5. The total activity concentrations varied from 372.97
to 850.01 Bq/kg. The activity concentration of 226Ra for bricks and stones and activity
concentrations of 232Th and 40K for stone samples were lower than the world average
concentrations of these radionuclides in building materials that are 25, 25, and 370 Bq/kg,
respectively, as per [61]. The values of stone samples radioactivity were lower than in
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Gupta, 2011 [62], likewise for brick activity concentrations compared to Turhan, 2008 [63]
and Raghu, 2016 [64]. The average of total activity concentration (594.01 Bq/kg) expressed
as sum of 226Ra and 232Th and 40K concentrations is higher than the world average of total
activity concentration of these radionuclides in building material samples (420 Bq/kg).
The total activity concentrations of 226Ra, 232Th, and 40K of building material samples are
shown in Figure 6.

Table 4. Values of radionuclide activity concentrations in samples.

Samples 226Ra 228Th 40K

Bq/kg

BB 7.16 ± 2.1 46.07 ± 7.1 705.16 ± 10.1
SB 4.98 ± 2.2 25.35 ± 7.7 370.06 ± 10.6

B1st 7.19 ± 1.9 61.62 ± 7.6 781.19 ± 10.9
S1st 8.82 ± 2.0 25.05 ± 7.2 364.16 ± 10.3

B2nd 6.78 ± 2.1 59.25 ± 7.5 718.21 ± 10.8
S2nd 8.98 ± 1.8 22.96 ± 7.3 341.04 ± 10.2

Average 7.32 40.05 546.64

Figure 6. Comparison of measured activity concentrations of 226Ra, 232Th, and 40K in building
material samples with the world average concentrations (represented by red lines).

As assumed, the measured concentrations of 40K were almost twice as high in brick
samples than in stone samples.
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A correlation was found between the chemical composition, specifically the potassium
content in the building material samples and the total activity of radionuclides (Figure 7a)
with the correlation coefficient R = 0.85, as well as the dependence between the gamma
index and the potassium content (Figure 7b) with a correlation coefficient of R = 0.88. The
correlation was even more significant for the brick materials themselves.

Figure 7. Correlation between the potassium content and the radiological parameters: (a) total
activity of radionuclides; (b) gamma index of radionuclides.

The measured activity concentrations of samples were also analyzed in terms of
the samples’ location from the basement to the second floor. No fundamental difference
was detected in the radioactivity of the materials taken from the individual floors. The
radioactivity of the materials of the stone samples slightly decreased with increasing floor
as can be seen in Figure 8a. This was not observed for the brick samples. The differences
between the particular values of total activities per samples collected from the basement,
1st, and 2nd floor ranged from 0.6 to 12% (Figure 8b).

Figure 8. Comparison of the effect of the sample’s floor to total activity of radionuclides (a); the
differences in total activities of radionuclides in samples collected from different floors (b).

3.3. Estimation of External Gamma Exposure Due to Building Materials

Potential radiological risk of the bricks and stones from a historical building in Levoča
was estimated on the basis of calculated radiological indicators and doses given in the
following Figures 9–12.



Materials 2022, 15, 6876 12 of 18

Figure 9. Comparison of the level indices Iγ, Iα, and AUI with the limit values (represented by
red lines).

Figure 10. Comparison of the hazard indices and Raeq with the limit values (represented by red lines).

The calculated gamma indices, Iγ, observed for the samples, ranged in an interval
of 0.26–0.60, not exceeding the restricted limit for bulk materials Iγ = 1. However, when
considering the recommended unrestricted value Iγ = 0.5 which corresponds to the annual
dose of 0.3 mSv/year, 33% of samples did not meet this dose criterion (Figure 9). According
to activity concentration index (ACI) approach, the materials having the Iγ in the interval
0.5–1 can be classified for restricted use, e.g., in bridges or roads or only for low-occupancy
buildings. The highest value was found for the B1st sample (Iγ = 0.590). The gamma
indices for bricks were higher compared to Amiri et al., 2014 [65], who reported six times
lower Iγ found for bricks, and two times higher than in Lima, 2015 [53].

Alpha index Iα was in the range 0.03 to 0.05 (Figure 9). Iα should be lower than
permissible value (Iα = 1) which relates to 200 Bq/kg. Materials with 226Ra concentration
lower than 200 Bq/kg cannot cause indoor radon activity higher than 200 Bq/kg, therefore,
it can be assumed that building materials in this study will not pose a risk to exceeding the
limit value of Rn emanation from building materials. The Iα values were similar compared
to [66] but lower compared to [67]. Values of Iα were lower for stones and higher for brick
samples compared to Lyngkhoi, 2020 [67]. Activity utilization indices AUI ranged from
0.53 to 1.29, and were less than the recommended value (I ≤ 2). The AUI values in this
study were comparable with those in the study by Ademila, 2020 [68].

Both Hin and Hex risk indicators of all samples studied were lower than 1. These
results correspond to the studies by Fares, 2019 [69] and Tuo, 2020 [70] for bricks and Ajayi,
2013 [71] for stones. The total gamma output from the combination of 226Ra, 232Th, and 40K
radionuclide activities represented through the radium equivalent activity indicator (Raeq)
was under the limit value (370 Bq/kg), ranging from 68.067 to 155.459 Bq/kg (Figure 10).

The calculated dose parameters resulting from the activity concentrations of measured
radionuclides are presented and compared to the world average values in Figure 11.
Outdoor external dose Dout ranged from 31.887 to 72.621 nGy/h. The values linked to brick
samples were found to be higher than the world average value of 59 nGy/h. The values of
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calculated indoor external dose Din ranged from 61.138 to 137.675 nGy/h with an average
95.06 nGy/h, which is 1.13 times more than the world average of 84 nGy/h as per [2].

The value of the annual indoor effective dose Ein ranged from 0.30 to 0.68 mSv/y, and
in the case of the brick samples, exceeded the world average of 0.41 mSv/y (Figure 11).
The annual outdoor effective dose Eout for the building material samples was identified in
the interval 0.04 to 0.09 mSv/y, and, similarly to Ein, was higher than the world average
of 0.07 mSv/y for the brick samples. These findings correspond to the results reported
by [72]. The total annual effective dose Etotal (0.53 mSv/y) was similar to the world average
value (0.52 mSv/y) and does not exceed the criterion limit of 1 mSv/y as per ICRP-60 [54].
However, the total annual effective dose Etotal for brick samples was significantly higher
than that of the stone samples.

The ELCRtotal for outdoor and indoor exposure reached values from 1.05 to 2.36 with
an average of 1.85, which is 27% higher than the world average (1.45). However, the results
in this study are lower compared to [73], who reported the value of 3.21.

Figure 11. Comparison of the dose parameters with the world average values (represented by
red lines).

The calculated annual gonadal equivalent dose AGDE connected to the samples ranged
in an interval of 230.97–525.09 µSv/y. The world average of AGDE for houses was reported
to be about 370 mSv/yr whereas the standard UNSCEAR value for AGDE is 300 mSv/yr.
Darwish [66] presents the value of 520 µSv/y in stone houses. The highest value was
found for the B1st sample. The AGDE values for bricks exceeded the world average value
reported in an OECD report [26]. AGDE results for the samples were double those for
stone and four times higher for bricks than reported in [67]. The application of waste
materials as replacement for cement in the production of concrete could represent another
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risk of increasing the activity of radionuclides and subsequently their negative effects on
the human body [74].

Figure 12. Absorbed dose by different organs and the particular limit values (represented by
red lines).

Figure 12 shows the estimation of the absorbed dose by individual organs. The highest
sensitivity has been proved in the case of testes and the lowest for ovaries. These results are
a little bit lower compared to [75]. However, it should be noted here that some experts do
not recommend using low values of radionuclides’ activity for cancer risk estimation. At
the same time, the authors of the present study would like to point out that the results refer
only to the study of external exposure due to built-in materials and not to the assessment
of the radon levels.

4. Conclusions

The paper presents a radioactivity study on building materials (stone and bricks) of a
historical building in the city of Levoča, Slovakia. The research was aimed at examining
the possible risks originating from specific activities of radionuclides in building materials
in the building after reconstruction. Building materials of three floors—basement, 1st
floor, and 2nd floor—show some variation in activity concentration of three radionuclides
(226Ra, 232Th, and 40K) from site to site. The average measured activity concentrations of
radionuclides were 7.32 Bq/kg for 226Ra, 40.05 Bq/kg for 232Th, and 546.64 Bq/kg for 40K
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radionuclides. The average total activity concentration in building materials of 594.1 Bq/kg
exceeded the world average value (420 Bq/kg).

The potential outdoor and indoor risks were evaluated through the various radiolog-
ical indices and estimated doses based on the measured activity concentrations of 226Ra,
232Th, and 40K radionuclides in the samples. The calculated gamma indices, Iγ, ranged
from 0.26 to 0.60, not exceeding the EU limit for bulk materials Iγ = 1. Radiation values
slightly higher than world average were noticed in the case of the outdoor external dose and
outdoor annual effective dose and indoor annual effective dose which were identified to be
13 and 14% higher, respectively, than the average world values. Total annual effective dose
of 0.53 mSv/y was almost identical to the average world value (0.52 mSv/y). Exceeding of
the average world values was also observed for the total ELCR (by 27%) and for the annual
gonadal dose equivalent (by 21%).

The results obtained in this study confirmed that bricks are responsible for a higher
level of natural radiation than the used natural stone material. The radiological parameters
related to bricks were more than double compared to building stone.

The observed strong correlation between the potassium content in the building mate-
rials, measured by XRF, and total activity concentration of radionuclides (R = 0.85) confirm
the possibility to estimate the radioactivity of brick and stone materials based on chemical
analysis. The results of this case study underline that, based on the chemical analysis and
determination of the total potassium content, it is possible not only to estimate the activity
concentrations of 40 K but also the total activity of radionuclides. During the reconstruction
of buildings, external gamma radiation should be controlled in relation to the building
materials used. The chemical analysis of materials, which can be performed in a shorter
time frame than the determination of activity concentrations of radionuclides, which takes
more than 40 days, could serve as input screening information on the need for detection of
activity of radionuclides.

Although some radiological parameters were higher than the world average, no
exceeding of the established limits for gamma index and annual dose was recorded. Thus,
the analyzed materials cannot pose any significant risk in a long-term horizon and therefore
the building could be recommended for residential purposes after the reconstruction. Since
only external exposure to gamma radiation was evaluated in this study, further radon
monitoring should be performed to confirm the safety of the indoor spaces considered for
residential purposes.
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