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Естественный радиационный фон в значительной степени определяет ингаляционное поступление в 
организм радионуклидов, образующихся при распаде изотопов 238U, 235U и 232Th. Эта проблема имеет осо-
бое значение для здоровья арктического населения в районах повышенной сейсмичности, индуцирован-
ной проведением горных работ. Цель исследования – оценить воздействие горных работ на естественный 
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радиационный фон в помещениях жилых и общественных зданий, расположенных в непосредственной 
близости от предприятий, осуществляющих добычу апатито-нефелиновых руд в Арктике. Материалы и 
методы. Измерения проводились в помещениях жилых и общественных зданий г. Кировска (Мурманская 
область), расположенных на расстоянии до 3 км от предприятий по добыче полезных ископаемых от-
крытым и подземным способами. Определялись: общая мощность дозы радиоактивного излучения проб 
рудного сырья и продуктов производства, их спектральные характеристики, а также аэрозольная кон-
центрация продуктов распада радона и его объемная концентрация в подвальных помещениях жилых 
и общественных зданий, расположенных в районе проведения горных работ. Результаты. Радиацион-
ная активность руды, добываемой открытым способом, существенно (в 7,3 раза) превышала активность 
руды из подземных рудников (107 300±9823 и 14 615±1980 Бк/кг соответственно). Однако радиоактив-
ность конечного продукта (апатитового концентрата) не зависела от способа добычи руды (59 792±865 и  
61 827±1022 Бк/кг соответственно). В воздухе цокольных этажей зданий, расположенных в пределах 3 км 
от рудников, концентрация радона линейно увеличивалась в среднем на 0,15 Бк/м3 на каждую тонну ис-
пользованных при отбойке руды взрывчатых материалов. Содержание радона и продуктов его распада в 
воздухе помещений жилых и общественных зданий населенных мест, прилегающих к району проведения 
горных работ, после осуществления технологических взрывов не превышало 100 Бк/м3. Таким образом, 
горно-взрывные работы в условиях напряженно-деформированного состояния рудовмещающих пород 
могут способствовать повышению интенсивности эмиссий радона и продуктов его распада и их накопле-
нию внутри помещений жилых и общественных зданий в населенных пунктах Арктики, расположенных 
в районах проведения горных работ по добыче апатит-нефелиновых руд. 

Ключевые слова: горно-обогатительные предприятия, радиационный фон, радон, Арктика, эколого-
гигиенический мониторинг среды, риск для здоровья населения. 

The Khibiny massif of the apatite-nepheline 
ores located in the Kola Peninsula is the largest in the 
world in terms of reserves of phosphorus-containing 
raw materials, which are widely used in the 
production of mineral fertilizers and in other sectors 
of global economy. These deposits, with an area of 
1300 km2, have a complex tectonic structure and 
stress-strain state of the ore massif during combined 
open-underground mining by drilling and blasting. 
Over the years, 16 mining-induced earthquakes,  
20 mountain tectonic faults, and 45 rock bumps 
and microcracks have been recorded in the area [1]. 
The ore-forming minerals are apatite, nepheline, 
feldspar, titanomagnetite, pyroxenes, and sphene 
(or titanite). Sphene, being a widespread constituent 
of the Kola apatite ores, often contains terrestrial 
radionuclides scattered in the rock belonging to the 
U-238, U-235, Th-232, and K-40 families, which are 
the primary natural sources of background radiation 
[2]. Mining and beneficiation of apatite-nepheline 
ores are accompanied by mechanical damage to 

landscapes and emission of large volumes of dust 
from quarries and tailing dumps into the air [3]. 
These emissions are multicomponent. Along with 
the pollutants typical of industrial regions (carbon, 
nitrogen and sulphur oxides), environmental 
objects of the Kirovsk-Apatity region are also 
contaminated with specific components of raw 
ores: phosphorus and aluminium compounds, 
fluorides and their accompanying elements, 
including radioactive ones. The technogenic 
impact of mining enterprises on the environment 
can significantly affect the radioactive conditions 
through direct changes in the geological conditions 
and changes in the factors of exogenous geological 
processes that form natural background radiation 
(NBR) [4, 5].

The purpose of this paper was to assess the 
impact of mining operations on the changes in 
NBR in residential and public buildings located 
in proximity to the apatite-nepheline ore mines 
in the Arctic.
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Materials and methods. To measure the 
dose rate of gamma radiation and the alpha- 
and beta particles emitted from naturally 
occurring radionuclides in ores and apatite 
concentrates, MKS-01A Multirad-M portable 
spectrometric complex was used. Equivalent 
equilibrium volumetric activity (EEVA) of 
radon progeny concentrations in indoor air was 
measured using RAA-10 aerosol radiometer 
and POU-04 sampling device. Volumetric radon 
concentrations were measured using Camera-01 
measuring complex for radon monitoring and 
RRA-01M-03 radon radiometer. The research 
procedure and assessment of the results were 
carried out according to the Methodological 
Guidelines approved by the Chief State Sanitary 
Doctor of the Russian Federation2. We analysed 
286 measurements taken оn the basement/ground 
floors of 6 panel, brick, and one-storey wooden 

residential and public buildings in the city of 
Kirovsk (in its 3 municipal districts located 
within 3 km of the underground mine). 

Results. Concerning the assessment of 
NBR, we found that the specific radioactivity of 
ores, apatite concentrates, and suspended dust 
at workplaces at ore-beneficiation factories is 
different and depends on the source of the apatite 
ore mined. The differences are mainly due to 
gamma radiation (see Table 1).

It should be noted that Russia’s regulation of 
radiation safety is based on the normalized indoor 
radon content, i.e. annual average equivalent 
equilibrium volumetric activity (EEVA) of radon 
isotopes, which is measured in Bq/m3. EEVA of 
radon should not exceed 100 Bq/m3 in residential 
and public buildings after construction, overhaul 
or reconstruction and 200 Bq/m3 in operated 
buildings3. To assess the effect of the energy 

Table 1
RADIATION CHARACTERISTICS OF APATITE ORE MINERAL  

AND APATITE CONCENTRATE DEPENDING ON THE MINING TECHNIQUE 
(Khibiny deposits), Х̄  ± SD 

ХАРАКТЕРИСТИКА РАДИОАКТИВНОСТИ АПАТИТОВОЙ РУДЫ  
И АПАТИТОВОГО КОНЦЕНТРАТА В ЗАВИСИМОСТИ ОТ СПОСОБА ДОБЫЧИ 

РУДНОГО СЫРЬЯ (Хибинские месторождения), Х̄ ±SD

Mining technique
and products

Radiation spectrum and specific activity 
of products, Bq/kg

α β γ
Underground mining:

Apatite ore mineral 17.4 ± 3.2   77.7 ± 12.4 51.1 ± 8.7

Apatite concentrate 21.1 ± 4.0 21.8 ± 4.3 555.0 ± 75.9
Open-pit mining: 

Apatite ore mineral 29.6 ± 5.3 114.7 ± 21.1   928.7 ± 164.6

Apatite concentrate 18.5 ± 3.9 15.2 ± 3.7 584.6 ± 94.5
Note. 17 samples of each product were studied. Underground ore was extracted from Kukisvumchorr 
mine and open ore, from Koashva mine. Notation (hereinafter):   Х̄ ± SD – arithmetic mean and 
standard deviation.

2MU 2.6.1.2838–11. Radiation Monitoring and Sanitary-Epidemiological Assessment of Residential, Public and 
Industrial Buildings and Facilities After Their Construction, Repair, and Reconstruction According to Radiation Safety 
Performance. Approved on 28 January 2011 (in Russ.).

3Radiation Safety Standards (NRB-99/2009). Russian Sanitary Rules and Norms (SanPiN 2.6.1.2523–09). Approved 
on 7 July 2009 (in Russ.); Russian Sanitary Rules and Norms (SanPiN 2.6.1.2800–10). Hygienic Requirements for Limiting 
Public Exposure Through Natural Sources of Ionizing Radiation. Approved on 24 December 2010 (in Russ.).
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release due to technological explosions in 
Kukisvumchorr underground mine on background 
radiation, measurements of equilibrium equivalent 
volumetric radon concentration in the air of 
basement rooms were made (see Table 2).

The analysis of the results obtained showed 
that the estimated total energy of underground 
explosions expressed in TNT (2,4,6-trinitrotoluene) 
equivalent (t/24h) has a linear association with 
the increase in EEVA of radon in the basements 
of buildings located close to the mining area. 
Moreover, the increase in EEVA of radon isotopes 
in basements depends on the energy released due 
to the explosions and on the time elapsed after 
the blasting. With a total daily explosion TNT-
equivalent of 10 tons, the EEVA of indoor radon 
isotopes doubled within 24 hours, and with a 
TNT-equivalent of 165 tons, it increased by the 
factor of 3.5.

Discussion. Secondary cosmic radiation (solar 
and galactic) as well as terrestrial radionuclides 
form the NBR of settlements. Exposure levels of the 
population due to cosmic radiation depend on the 
geographical latitude and altitude. Irradiation from 
radionuclides is determined by their quantity and 
type [6]. The main terrestrial radioactive isotopes 
found in rocks are K-40 and Rb-87, as well as two 

radioactive families originating from U-238 and  
Th-232, long-lived isotopes that have been part 
of the Earth since its inception. In turn, out of 
the products of radioactive U-238, the most 
considerable contribution to NBR is made by  

Po-210, Ra-226, Rn-222, and Pb-210. Among the 
natural sources of radiation, the main one is radon, 
which, with its progeny, makes up about 75 % of 
the annual effective dose equivalent received by 
the population from terrestrial sources of radiation 
and about 50 % of the dose from all sources of 
radiation [2, 7].

Radon is a tasteless and odourless gas 7.5 times 
heavier than air, with a half-life of 3.8 days.  
It enters the atmosphere from the soil as radium 
decays. Its concentration in the atmosphere varies 
with place, time, altitude, and meteorological 
conditions [8]. Indoors it is noticeably higher 
than in outdoor air [9]. Soil types and foundation 
systems that are used in house building (granite, 
concrete, brick, phosphogypsum, etc.) as well 
as household natural gas are the main sources of 
indoor radon exposure [10]. Rn-222 is present 
inside all buildings and is an unavoidable radiation 
exposure source, both in homes and workplaces. 
In some geographical points (underground mines, 
caves, tunnels, mineral water resorts, and faults in 

Table 2
EQUIVALENT EQUILIBRIUM VOLUMETRIC ACTIVITY OF RADON  

IN THE BASEMENT AIR OF PUBLIC AND RESIDENTIAL BUILDINGS  
AFTER TECHNOLOGICAL UNDERGROUND EXPLOSIONS OF DIFFERENT ENERGY,  

KUKISVUMCHORR MINE AREA, Х̄  ± SD
ЭКВИВАЛЕНТНАЯ РАВНОВЕСНАЯ ОБЪЕМНАЯ АКТИВНОСТЬ РАДОНА  

В ВОЗДУХЕ ПОДВАЛЬНЫХ ЭТАЖЕЙ ОБЩЕСТВЕННЫХ И ЖИЛЫХ ЗДАНИЙ  
ПОСЛЕ ТЕХНОЛОГИЧЕСКИХ ПОДЗЕМНЫХ ВЗРЫВОВ РАЗНОЙ МОЩНОСТИ  

В РАЙОНЕ РУДНИКА КУКИСВУМЧОРР,   Х̄  ± SD

Daily TNT 
equivalent  

of explosion energy, 
t/24h

EEVA, Bq/m3

Before explosion
After explosion 

in 15 min in 60 min in 24 h

10 23.1 ± 2.2 23.1 ± 2.8 23.1 ± 3.1 46.1 ± 4.0
165 15.4 ± 3.5 23.1 ± 3.1 32.2 ± 3.9 54.6 ± 4.5

Note. For each type of explosions 143 measurements were made. 
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the Earth’s crust) elevated radon concentrations 
can be observed [11, 12].

As a result of mining operations, landscapes 
are damaged, leading to a technogenic increase 
in NBR. The study of the residential area in 
Transbaikalia showed that mining disturbs the 
relief; in addition, intensive accumulation of 
radon and its decay products in basements and on 
the ground floors of buildings in concentrations 
of up to 1000 Bq/m3 and more was found [13].  
The same problems with radon in residential 
buildings have been reported in many other mining 
areas [5]. An even more significant increase in 
indoor air concentrations of radon isotopes was 
observed in uranium ore mining regions [14].

The results of our research showed that, 
although the specific activity of the apatite ores 
extracted from underground (Kukisvumchorr) and 
open-pit (Koashva) mines differs by the factor 
of 18.2, the activity of apatite concentrates from 
both deposits is almost the same. These are model 
calculations, which, therefore, should not be taken 
as a standard. With caution, however, their results 
can be extended to all types of mining complexes. 
Ore mining using massive explosions may have an 
impact on the level of NBR inside the buildings 
located in the adjacent populated areas. 

The seismic events induced by the drilling 
and blasting methods of mining, especially in the 
Arctic regions, are associated with an increase in 
EEVA of radon in residential and public buildings 
and, thereby, may cause unacceptable carcinogenic 
risks to public health in the impacted areas [15, 
16]. For example, in the basements of 6 buildings 
located close to the underground mine, EEVA 
of radon within 24 hours after the explosions 
increased by 0.15 Bq/m3 for each ton of explosives 
used. A linear equation describes this dependence 
as follows:

Cx = 27.6 + 0.15х, 
where Cх is indoor air radon concentration 
expressed in Bq/m3 and х is daily explosion TNT-
equivalent expressed in tons of TNT. 

It should be emphasized that the maximum 
air radon concentrations in basements after 
explosions do not exceed the regulatory limit of  

100 Bq/m3. However, the trend for increasing indoor 
radon levels in case of planned intensification 
of explosions used in mining is to be considered 
to ensure radiation safety of the populated areas 
adjacent to mining enterprises.

Thus, the analysis of the impact of apatite-
nepheline mining on NBR showed that the 
energy released during technological explosions 
used in ore extraction may be associated with 
increased NBR in residential and public buildings 
located close to large mining companies. This 
is particularly important in the cold climate 
regions, especially in the Arctic, where, as we 
know, indoor accumulation of radon results 
from commonly used tight thermal insulation of 
houses and reduced ventilation for the purpose of 
keeping residential premises warm [15, 17]. 

Massive explosions related to mining 
operations performed in the stress-strain state 
of orebodies may facilitate the intensity of 
terrestrial radionuclide emissions and, thereby, 
increase NBR inside residential and public 
buildings in settlements adjacent to the areas 
of apatite-nepheline ore mining in the Arctic. 
Considering that indoor radon concentrations 
associated with the total mass of explosives 
used in blasting operations on apatite ore bodies 
were found to be lower than the permissible 
exposure limits, further studies using modern 
measuring instruments are required in areas 
with higher NBR.
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NATURAL BACKGROUND RADIATION IN RESIDENTIAL  
AND PUBLIC BUILDINGS LOCATED IN THE VICINITY  

OF MINING OPERATIONS IN THE ARCTIC
Natural background radiation (NBR) largely contributes to the human inhalation of radionuclides 

originating from the decay of U-238, U-235 and Th-232 isotopes. This problem is of particular importance 
for public health in the areas with high seismicity induced by mining operations. The purpose of this article 
was to assess the impact of mining activities on NBR in the residential and public buildings located in the 
immediate vicinity of the apatite-nepheline ore mining operations in the Arctic. Materials and methods. 
The measurements were taken in residential and public buildings of Kirovsk (Murmansk Region) adjacent 
to open-pit and underground mines. The following were measured: total radioactivity dose of samples of 
raw ores and their concentrates, their spectral characteristics, as well as the aerosol concentration of radon 
decay products, and volumetric radon concentration in the basements of residential and public buildings 
located within 3 km from the mining area. Results. The radioactivity of open-pit ore was significantly  
(7.3 times) higher than that from underground mines (107,300 ± 9823 and 14,615 ± 1980 Bq/kg, 
respectively). However, the radioactivity of the final product (apatite concentrate) did not depend on the 
extraction technique (59,792 ± 865 and 61,827 ± 1022 Bq/kg, respectively). Indoor air concentrations of 
radon in the basements of buildings located up to 3 km from the mines, increased linearly by an average 
of 0.15 Bq/m3 for each ton of explosives used in ore breaking. The levels of radon and its decay products 
in residential and public buildings in areas adjacent to the mining operations did not exceed 100 Bq/m3. 
Thus, mining and blasting operations in the stress-strain state of ore-bearing rocks might have an important 
impact on the intensity of radionuclide emissions and changes in NBR inside residential and public buildings 
located in Arctic settlements adjacent to the areas of apatite-nepheline ore mining.

Keywords: ore mining and processing enterprise, background radiation, radon, Arctic, environmental 
and hygienic monitoring, public health risk.
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