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Abstract. The objective of the study is to assess the radiation and radon safety of building materials and structures and
to develop material science recommendations to reduce radon hazard. The study included 78 residential buildings in the
Akchatau settlement of the Karaganda region that were built in different periods and using various materials: brick, natural
stone, cinder blocks, foam blocks and concrete. The methodology included determining specific activity of natural
radionuclides (Ra-226, Th-232, K-40) by gamma spectrometry using a high-resolution detector, as well as measuring
radon emanation with Alfarad Plus and Ramon-Radon devices. The mineral composition of materials and their porosity
that affect radon permeability were analyzed. The results showed that in a number of houses, the equivalent equilibrium
concentration of radon in the premises exceeded sanitary and hygienic standards by tens of times, while the maximum
values were recorded in buildings made of brick and stone quarried in areas of granite massifs. It was found that increased
porosity and cracking of materials, as well as the presence of uranium-containing minerals, significantly increase radon
emission. Based on the analysis, measures to reduce radon hazard were proposed: the use of concrete mixtures with low
radioactivity, barrier membranes, sealing coatings and effective ventilation.
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Introduction

Radon (222Rn) is a radioactive noble gas formed as a result of the decay of radium-226 in the uranium-238
chain. Radon (Rn222 and Rn220) and their daughter products (isotopes Po, Pb, Bi) make the main contribution to the
radionuclide background of residential and industrial premises [1-3]. It is the second leading cause of lung cancer after
smoking, according to the World Health Organization (WHO). Radon and its daughter products emit alpha radiation,
which, when inhaled, can cause damage to respiratory cells [4, 5]. The main characteristics of radon and its daughter
products are shown in Figure 1.

In a number of regions of Kazakhstan, including the Karaganda region, geological conditions contribute to
increased radon emissions from soil and building materials. Particular danger are materials made of rocks with high
uranium and thorium content, as well as materials with a developed pore structure that promotes gas migration into the
premises.

The negative impact of radon on human health has led to the introduction of permissible radon levels in such
countries as the United States (148 Bg/m?®), Canada, Norway (100 Bg/m?), and the EU countries (300 Bg/m?). In
Kazakhstan, the permissible level is 200 Bq/m?. In addition to the level of radon exposure, countries need to identify areas
that are most susceptible to radon, to identify those areas where the predicted radon concentration in most buildings will
exceed the permissible level.

Radon is recognized by the World Health Organization and the International Agency for Research on Cancer
(IARC) as a class I carcinogen. Experience in foreign countries shows that radon is one of the key threats to radiation
safety in residential premises. Many countries have implemented strict building codes (Finland, Czech Republic,
Germany), large-scale housing stock inspection programs (USA, UK), engineering protection technologies (under-
foundation ventilation systems, sealing) [5, 18, 19]. Differences in radon hazard in some countries are presented in Table
1[18,20,21].

There are a significant number of studies in the world practice that deal with the impact of building materials on
the radon level in rooms [7-9]. Work [6] presents a collection of data on radon emanation and exhalation rate of about
2000 samples of building materials used in Europe. Concrete is the most consumed material in the world after water. The
authors of [7] measured radon gas in concrete, the concentration of which varied in the range of 100400 Bqm in houses
and 100-3700 Bgm™ in workplaces. System analysis of models for describing radon transport inside porous materials
and its release from structures showed the importance of taking them into account when transferring and generating radon
in building materials [8]. Cement-based materials made of rocks and soils emit radon that is a carcinogen and affects
indoor air quality. Alkaline cement-based materials neutralize carbon dioxide in the air with acid gas, reducing its pH
value [9]. Being an inert gas, radon can easily penetrate highly porous materials, such as building materials, due to their
characteristic microstructure. Table 2 provides a comparative analysis of building materials by radon emanation [10].
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Fig. 1. - Radon isotopes and their daughter products in decay chains (symbol, decay path (a-, B, y-radiation), name, half-life T) [20]
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Table 1. Comparative data on radon in residential buildings in different countries

Country Average values, Bq/m * Maximum values, Measures taken

Bg/m?

Finland 100-150 to 10 000 Standard <200
Bg/m? for new
buildings; <800

Bg/m? for old
buildings
Sweden ~100 to 10 000 In 10% of houses
>100 Bg/m?, in 1%
>400 Bg/m?; strict
control during
construction
Great Britain 40-60 to 2000+ Identified >20
thousand houses
with high radon;
rehabilitation
programs
Germany 40 to 600 Federal law
StrISchG (2018),
reference level 300
Bg/m?
USA 55 1o 800 Indoor Radon
Abatement Act
(1988), EPA limit of
150 Bg/m?
Ukraine 150-250 >1000 High levels in
crystalline massif
areas; average
annual dose of 4.2
mSv
Russia 30-100 to 2500 Standard <200
Bg/m?, radon maps
and building
material controls
Table 2. Comparative analysis of building materials by radon emanation
Material Activity Ra-226 (Bq/kg) Structural features Source of data
coefficient (%)
Concrete 20-50 Low porosity, Kovler, 2005; Wu
cement stone, fly etal., 2019
ash
Granite 80-200 Crystalline Pillai et al., 2014;
structure, quartz, Shabek et al., 2024
feldspar, biotite
Brick (ceramic) 15-40 Porous baked clay, Chao, 1999;
possible feldspar Sabbarese et al.,
impurities 2022
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Continuation of the Table 2

Material Emanation Activity Ra-226 (Bq/kg) Structural features Source of data
coefficient (%)
Marble 1-5 5-20 Dense calcite Kuzmanovi¢ et al.,
structure, low 2022
porosity
Phosphogypsum 20-50 200-800 Fine-grained Campos et al.,
structure, residual 2017, Ferranti et
phosphate minerals al., 2013
Gas concrete 25-60 30-60 High open porosity, Wuet al., 2019
(AAO) autoclaved

The highest emanation coefficients are characteristic of materials with high open porosity and significant
radionuclide content, such as phosphogypsum and aerated concrete. Granite demonstrates moderate emanation but has
high Ra-226 activity, which makes it a significant source of radon in rooms. Concrete and ceramic brick have moderate
indicators, while marble is characterized by minimal emanation due to its dense structure.

In Serbia, studies have shown that aerated concrete with high porosity requires mandatory sealing before use
[11]. In Iran, it has been found that covering walls with travertine significantly reduces radon levels in hospital rooms
[12]. In Peru, it has been found that cement with uranium-containing additives can significantly increase radon emanation,
which requires the introduction of standards for the content of Ra-226 in cement [13].

In Kazakhstan, the problem of radon hazard remains poorly understood. Despite the presence of geological and
material science prerequisites (granitoid massifs, brick housing construction, groundwater), there are no systematic
studies and a national program for radon regulation yet. This study is aimed at filling this gap and developing
recommendations for reducing the radon load on the population. Studying radon hazard has been conducted, where the
main factors causing high radon concentrations in the houses of the village are: high exhalation from the soil surface;
radioactivity of building materials; low air exchange in the premises [14].

1. Materials and methods

In 2023-2024, the studies were conducted in different seasons (winter, spring, summer) in residential buildings
and educational premises of the Akchatau settlement. The increased concentration of radon in a number of areas is
associated with the Akchatau tungsten-molybdenum mine. The geological source of radon is acidic leucocratic granites
in the northwestern and southeastern parts of the studied area. All the measurements were carried out in heated rooms at
the temperature of 18-25 °C. Both active and passive methods were used to record the volumetric activity (VA) and
equivalent equilibrium concentration (EEC) of radon. Active measurements were carried out using the Alfarad-Plus
complex (Russia) and the Ramon-Radon radiometer (Kazakhstan) (Figures 2 and 3). The devices are equipped with an
electrostatic chamber, a built-in microprocessor and the ALFA AR software, which provides automatic recording,
processing and storage of data. Built-in sensors recorded temperature, humidity and atmospheric pressure. The time of
one measurement was 20—40 min. The operating principle is based on the deposition of charged daughter products of
radon decay on the detector, which allows for the instantaneous assessment of the ERC. Passive measurements were
performed using carbon sorption detectors "Kamera-01" (Republic of Kazakhstan) containing sorbent SK-13. These
devices were installed indoors for 1-6 days at the temperature of 12-30 °C and a relative humidity of up to 95%. The
method is based on the adsorption of radon by activated carbon, followed by measurement of the activity by gamma or
beta radiation of short-lived daughter products of decay (Pb-214, Bi-214).
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Fig. 3. - Radon radiometer Radon-Ramon

To determine the radionuclide composition of building materials, a gamma-spectrometric complex with a high-
purity semiconductor HPG detector manufactured by the NTC Aspect (Russia) with the SpectraLine software was used.

The energy resolution was 1.8 keV (on the 1.33 MeV line), the relative registration efficiency was 21.8%.
Measurements were carried out in 1-liter Marinelli vessels, the sample fraction was 0—5 mm, the measurement time was
30—40 min. The detection limit for 226Ra and daughter products was no worse than 2 Bq/kg. The measurement error did
not exceed 20%.

The obtained values of specific activity were compared with the sanitary standard of 370 Bq/kg for building
materials. The ambient dose equivalent rate (ADER) of gamma radiation was measured using dosimeters DKS-AT1121
and DKS-AT1123 with the relative error of £15%. The sensors were placed at the height of 1 m from the floor and no
closer than 0.5 m from the walls. Integrating methods were used to take into account the effect of ventilation on radon
concentration.

In each room, at least four ADER measurements were taken under different air exchange modes: closed windows,
slot ventilation, cross ventilation, and typical operating mode.

In the winter season, 10 paired ADER and average radon VA measurements were taken.

To analyze their interrelationship, a linear dependence was constructed, which revealed a weak positive
correlation (correlation coefficient of 0.282), indicating a weak positive relationship between these parameters. The
equilibrium factor between radon and its decay products was 0.4, which corresponds to typical values for unventilated
indoor environments. The reduction factor of the equivalent equilibrium concentration (EEC) of radon during daytime
relative to the daily average was 0.705, which is most likely associated with natural ventilation and a decrease in radon
concentration during daylight hours. At the same time, the indoor radon concentration is determined not only by the
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activity of Ra-226, but primarily by emanation and exhalation processes and gas transport conditions, including material
porosity and fracturing, moisture content, pressure gradients, temperature regime, and ventilation. Therefore, gamma
radiation from walls does not always correspond to the rate of radon release into indoor air: under similar gamma
background levels, significantly different radon fluxes may occur, and vice versa.

The calculation of the effective annual dose of radon radiation was carried out according to the methodological

guidelines (the Committee of State Sanitary - Epidemiological Supervision of the RK MH (CSSES) order No. 94 dated
09/08/2014) using the conversion factor of 5.1 10° Sv/(Bq m™ h) and the structure of the time of stay: 0.8 years indoors
and 0.2 years outside.

The annual volume of inhaled air for an adult was taken to be 8100 m®.

Drn=0.8 - 8100 - 5.1 - 107 - EEC av. year . €))

Differentiated values of radon concentration were obtained in cases where daily and seasonal observations were
carried out. In 43.1% of premises, the effective dose varies from 6.6 mSv/year to 33 mSv/year, and for 9.4% of premises
from 33 mSv/year to 680 mSv/year. The increased radon concentration is due to high exhalation from the soil surface,
radioactivity of building materials and low air exchange in the surveyed premises. Gamma surveying identified 11
anomalous zones and 12 point anomalies with exposure dose rate (EDR) values exceeding 0.3 uSv/h against a background
level of 0.18 uSv/h. In the northwestern part of Akchatau, anomalous zones were found where the exposure dose rate of
gamma radiation exceeded 0.6 pSv/hour. The elevated EDR values are attributed to the presence of leucocratic granite
outcrops exposed at the surface in the southeastern part of the studied settlement, as well as a closed mine and the
occurrence of geological fault zones.

Such an integrated approach made it possible to take into account both the radionuclide characteristics of building
materials and the actual operating conditions of the premises. Radiation safety standards must be calculated regardless of
whether the irradiation occurs from natural or man-made sources of ionizing radiation. Hence, the systematic monitoring
of radon should not only have independent significance but also be part of a complex of rehabilitation measures for
surveying areas subject to man-made impacts.

2. Results and discussion

The conducted seasonal studies (winter, spring, summer 2023-2024) showed that the levels of equilibrium
equivalent concentration (EEC) of radon in residential buildings of the Karaganda region varied widely. The average
annual values of radon EEC in the surveyed buildings ranged from 35 to 380 Bq/m?, while the maximum concentrations
in individual rooms exceeded the permissible level for residential buildings of the Republic of Kazakhstan (200 Bg/m?)
and reached 1200-1900 Bg/m?®.

The highest values of radon EEC were recorded in winter (up to 1200 Bq/m?), which is associated with a low air
exchange rate and the operation of heating systems. In summer, concentrations were significantly lower and decreased
by 2-4 times due to natural ventilation. The highest concentrations were noted in the northern part of the region (Figure
4).
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Fig. 4. - Map of the average annual radon EEC values
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Additionally, an assessment of the radiation characteristics of the most common building materials (brick,
concrete, granite, foam blocks) was carried out. For this, data from gamma-spectrometric studies and literature data were
used [15]. The results are presented in Table 3.

Table 3. Radon activity of building materials

Material Specific activity, Bq/kg (Ra- Volume activity in premises, Structural features
226) Bg/m?
Brick 50-120 to 19 000 Porosity, clay base
Granite 80-150 to 10 000 High U, Th content
Concrete 30-80 to 1500 Low porosity, cement matrix
Foam 40-90 to 3000 Increased sorption capacity
block
Wood <30 Lower that 200 Organic structure, low
emanation

The highest radon levels are recorded in brick and granite buildings. It is due to the porosity and mineralogical
composition, as well as the increased content of Ra-226. Concrete structures and foam blocks are characterized by lower
emanation, which makes them preferable from the point of view of radiation hygiene. Wood is practically not a source of
radon, which explains the low concentrations in wooden buildings.

It has been established that regular ventilation of premises reduces the radon concentration by 30-50%. The use
of waterproofing of floors and walls in basements significantly reduces the ingress of radon from the soil. The use of
forced ventilation systems allows maintaining EEC levels below sanitary standards.

In Lithuania and Poland, comparable radon values were recorded in brick and stone buildings (up to 15-20
thousand Bg/m?®) [16]. In Finland and the Czech Republic, strict building codes have been introduced limiting the use of
granite in residential construction. In Germany, mandatory design of ventilation systems is practiced in areas with
increased radon hazard [17].

Thus, the obtained results confirm the importance of taking into account the radiation characteristics of building
materials when designing buildings. Materials with low emanation (concrete, wood) are preferable, while the use of brick
and granite requires mandatory engineering measures for sealing and ventilation. Under the sharply continental climatic
conditions of the Karaganda region, it is advisable to use the following radon protection barriers: polyethylene membranes
as a continuous gas-impermeable layer over the soil, and polymer-modified bituminous materials that combine gas
impermeability with high adhesion and resistance to temperature-induced deformations and aging. The key condition for
their effectiveness is the airtight sealing of overlaps, junctions, and service penetrations, since radon ingress is mainly
associated with leakage through cracks and gaps rather than diffusion through the membrane itself.

Conclusions

1. The conducted studies of radon concentrations in residential buildings of the Akchatau settlement of the
Karaganda region showed that the values of the equivalent equilibrium concentration (EEC) of radon varied significantly:
from minimum values of the order of tens of Bq/m? to maximum values exceeding the permissible sanitary standard (200
Bg/m?).

2. The highest radon concentrations were recorded in the winter, which is associated with reduced ventilation of
the premises and accumulation of radon inside the buildings. In the summer, the values of radon activity are significantly
reduced due to ventilation and temperature conditions.

3. A dependence of radon levels on the type of building materials was established: buildings made of brick and
natural stone were characterized by increased radon emission, while concrete and foam block structures showed
significantly lower values.

4. The results obtained confirm the need to take into account radon hazard in the design and operation of
residential buildings. Particularly relevant is the task of developing and implementing building materials with low radon
emission potential, as well as the use of engineering solutions (effective ventilation, waterproofing of foundations and
walls), which is directly related to the problems of materials science.

5. Methodological recommendations are needed to ensure radiation safety of housing in radon-hazardous areas
of Kazakhstan.
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