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Abstract: Physical and chemical agents in workplace environments can be hazardous for employees.
Much of the exposure to ionizing radiation can occur due to the presence of radon in the workplace.
Mining environments are more susceptible to containing radon gas because it emanates from soil
or rocks. Radon is known to be associated with lung cancer as it is a gaseous chemical agent
under normal conditions and is also radioactive. Since there is little knowledge about radon in
Brazilian mining workplaces, this study aims to measure occupational exposure to radon in mining
environments through a proposed methodology and to verify its compliance with international
standards to confirm the potential risk of exposure for employees. Radon concentration in open-pit
mining work environments was measured and used as a basis for comparison to assess the proposed
new evaluation method, which will consist of laboratory evaluations of samples taken from the same
workplaces. The radon concentration data in the work environments were compared to laboratory
tests for statistical correlation. The results, compared to reference values, tolerance limits, and action
levels, showed that radon, in outdoor mining workplaces, can be considered a low risk to employees’
health. The application of the methodology also indicated that the laboratory tests and the field
evaluations presented a statistical correlation with each other, being an indication that the laboratory
tests can be used to estimate the risks in a preliminary way. Another important point is the fact that it
was observed that measurements in the laboratory were more practical and faster to perform when
compared to field evaluations. These facts can bring future gains in the number of tests performed
and workplace evaluated in mining environments.

Keywords: radon gas exposure risk; mining environments; radon gas measurement; ionizing radiation;
scintillation cell detector

1. Introduction

Workers performing their activities in industrial environments may be exposed to
hazardous agents.

Radjiation, both ionizing and non-ionizing, may be found in workplace environments. If it
possesses the energy required to break the bonds between the electrons of a molecule, then we
can name it ionizing radiation and it comes from the process of stabilization of very energetic
atomic nuclei, the so-called radioactive elements. The radiation statues in any territory in
modern circumstances are produced by natural and anthropogenic backgrounds [1].

Radon is a radioactive element with unique characteristics since it is the only one
that, under normal conditions of temperature and pressure, is in the form of an inert gas.
According to Fianco [2] and Fonseca [3], radon gas is responsible for most people’s exposure
to natural ionizing radiation, and this is an important condition when radon is compared
to other radioactive elements.

The decay process of radon generates alpha radiation that has low penetration power
but a high energetic load when compared to other types of radiation. Alpha radiation, when
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in direct contact with tissue and mucosal cells, can generate ionization of DNA molecules
and, as a consequence, may cause diseases; cancer is the most common one [4,5].

Brazil has individual radon dose limits for both occupational exposure of workers
and exposure of the general public. Radon monitoring is, most of the time, a difficult
and time-consuming process, and because there is a lack of knowledge concerning the
sampling and analysis of its concentration, many of the Brazilian workplace environments
ignore this potentially hazardous condition. Mining is a very important Brazilian economy
segment, and since the mining process is associated with moving earth on a large scale
and sometimes in very deep places, chances are that radon gas may be released from time
to time.

Because radon is an inert gas, there are no chemical filters capable of detecting its
concentration directly in the air like methane or NOx in mines. Most detection methods are
based on radioactive activity [6].

Therefore, this study aims to present and evaluate a proposed laboratory methodology
to estimate exposure to radon in mining environments. The measurements can also be used
to verify compliance with international standards and as a warning of a potential hazard.

The relevance of the study is due to the fact that, in Brazil, the norms that regulate
and present the limits of workers’ exposure to physical agents do not differentiate the
methodology for evaluating exposure to radon from other sources of ionizing radiation;
however, this radioactive element has its own characteristics and specifics, which makes
the assessment of exposure and the application of control measures to reduce it different.

Evaluating and improving the different quantification methodologies can increase the
number of environments analyzed and make the results obtained more representative.

This is a way of alerting those responsible for the health of mining workers regarding
a potential risk.

2. Materials and Methods
2.1. Ionizing Radiation and Radon Gas
There are three families or series of natural radioactive elements, and they vary
according to their decay sequence (stabilization process): uranium series, actinium series,
and thorium series. These three families have, in their sequential stabilization process, a
stage in which matter is transformed into an element called radon, but for each of these
series, an isotope of radon is formed [4,7,8]. The three isotopes of this naturally occurring
gas are [9]:
1. 222Rn, or radon 222, which has a half-life of 3.8 days and is called radon gas;
2. 2200Rn, or radon 220, which has a half-life of 54.5 s and is called thoron gas;
3. 219Rn, or radon 219, which has a half-life of 3.9 s and is called actinium gas; this exists
in negligible quantities in nature.

The physical properties of the 2?2Rn isotope, which is the most abundant in nature,
are shown in Table 1.

Table 1. Physical and chemical properties of radon.

Property Data
State of matter Gas
Fusion point 202 K
Boiling point 2113.3 K
Fusion enthalpy 3.247 kJ /mol
Vaporization enthalpy 18.10 kJ /mol
Vapor pressure 1Paall0K
Specific heat 84 ]/(kg.K)
Thermal conductivity 0.00364 W /(m.K)
First ionization energy 1037 kJ /mol

Source: Personal data.
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The emission generated in the radioactive decay of radon is the alpha type. Because it
has low penetration power, it is blocked by the most superficial layers of the skin of living
beings. On the other hand, since radon is a gas, its inhalation can represent a danger to
health. When inhaled, part of the gas may decay within the lung, exposing the cells of the
internal mucous of its membranes to the ionizing radiation. Moreover, a fraction of the
short-lived radon decay product aerosols can be deposited within the respiratory tract once
inhaled and can reach the lungs, acting directly on pulmonary cells [10]. These cells are
much more sensitive to radiation than the cells that form the skin. As alpha radiation has
higher energy compared to other emissions, the ionization density is also higher, increasing
the probability of cancer development in the exposed individual, especially the lung type,
which is the organ directly sensitized [4,9,11].

The concentration of radon in the atmosphere is differently characterized from other
chemical agents. The activity of radon matter dispersed in equilibrium in the air is used to
determine its concentration by a certain volume, and the usual unit is Bq/m? [4].

From the average radon concentration in an environment, it is possible to estimate the
average annual effective dose for radon and its descendants through the Equation (1) [12]:

E=CxtxFx9x107° 1)

where:

E is the average annual effective dose expressed in mSv/a;

C is the concentration of radon expressed in Bq/m? on the air;

t is the exposure time in hours per year, considered as 2000 h/year;

F is the equilibrium factor that depends on the rate of ventilation and other factors such as
wind speed; the usual is 0.8 for outdoor and 0.4 for indoor [13];

9 is the conversion factor of the radon concentration to the effective dose given in (nSv x md)/
(Bq x h) [12].

2.2. Radon Exposure Standards

In Brazil, individual dose limits to both occupational exposure for workers and expo-
sure of the general public cannot exceed the values defined by CNEN (National Nuclear
Energy Commission) in its norm CNEN-NN-3.01 from 2011 and revised in 2014, denomi-
nated “Basic Guidelines of Radiological Protection” [14].

In the USA, the tolerance limit for exposure to radon gas is 148 Bq/m?; in Germany,
the limit drops to 100 Bq/m?3. Both limits were set for the general public (non-occupational
exposures) [4].

2.3. Radon in Mining Activities and Effects of Exposure

Radon has a natural occurrence in rocks and soils [2], and depending on the character-
istics of the mined materials, mining environments may have a higher concentration of this
gas when compared to other industry working environments [15].

In addition, according to Francisca [16], the concentration of radon in minerals in-
creases exponentially with the reduction in granulometry (Figure 1), which indicates a
greater exposure to the element in environments where methods of comminution of mined
materials are applied.

Ayres da Silva [17], as shown in Table 2, presents a compilation of data with the
average concentration of radon in Brazilian mining and the estimate of the effective dose
received by workers due to this exposure.

The annual dose estimates were calculated using Equation (1).

The study presented by Veiga et al. [18] indicates that the concentration of radon gas
in underground coal mines assessed in Brazil are above the action levels recommended by
the International Commission of Radiological Protection-ICRP 65. In another study carried
out by Anjos et al. [19], radon concentration was approximately three times higher than the
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action level recommended by the ICRP. The measures on this study were conducted at the
La Carolina mine, a decommissioned gold mine open to tourist visitation in Argentina.
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Figure 1. Relation between granulometry and radon concentration in a quarry. Source: Adapted
from Francisca [16].

222

Table 2. Mean concentration of Rn--~~ and estimated annual effective dose.

Average Annual

Property Data Average Concentration (Bq/m3) Effective Dose (mSv/a)
A Fluorite 2194.0 15.8
B Fluorite 3090.0 22.25
C Fluorite 2047.0 14.74
D Coal 101.0 0.73
E Coal 99.0 0.71
F Coal 21.0 0.15
G Coal 2800.0 10.7
H Agalmatolite 679.0 21.0
1 Emerald 122.0 1.00
] Coal 985.0 5.00
L Scheelite 779.0 4.00
M Tourmaline 4153.0 21.00
N Fluorite 316.0 3.00

Source: Adapted from Ayres da Silva [17].

On the effects of exposure to radon and its subsequent elements, according to the
study by Woodward et al. [20], the mortality rate from lung cancer in former workers at the
Radium Hill uranium mine is higher when compared to the rate for the general Australian
population. It was also observed that the mortality rate for underground workers was
higher than for surface workers.

The study conducted by Lubin et al. [21] compiling 11 studies on exposure to radon
gas in mining environments, considering 65,000 individuals and more than 2700 deaths
from lung cancer, observed that approximately 40% of all lung cancer deaths in miners may
have been caused by prolonged exposure to radon gas and its progenitors.
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2.4. Radon Detection Issues

As stated, radon is an inert gas, and there are no chemical filters capable of detecting its
concentration directly in the air. Most detection methods are based on radioactive activity [6].

Some detector types are sensitive to alpha particle emissions from ?>2Rn and its decay
products. Other methods detect gamma rays from the elements 24Pb or 214Bi [6].

Scintillation cell detectors are semi-integrative devices that operate in passive or active
mode (without or with an air pump). They consist of a metal cylinder lined internally with
a scintillating material, usually zinc sulfide activated by silver powder. When an alpha
emission interacts with the scintillator material, the production of luminous photons occurs;
these are detected and amplified by a photomultiplier. This photomultiplier is posterior
to a transparent window, where an electronic sensor counts these photons determining
the concentration of radon [22]. This method was used in field sampling and laboratory
procedures in this study.

2.5. Radon Measurement and Analysis

The procedures consisted of visiting mining companies to measure the radon con-
centration in the workplace, always in open-pit conditions with high mineral dust accu-
mulation, and in crusher dust stockpiles, also in open pit, (grain size below 4.8 mm), to
measure the concentration of this material. These measurements will later be used as a
basis for comparison.

In addition to this process, a sample of material was collected at each site visited so that
it could be analyzed in the laboratory. These laboratory analyses, which will be proposed
and described later, represent the new evaluation method of exposure to radon gas.

The samples were prepared for the analysis of radon concentration in the laboratory,
through an elongate pile procedure and screening, to avoid sample bias. Only the material
with particle size under 4.8 mm mesh was used in this test, and the sample was dried up in
an industrial oven at 100 °C for 12 h.

The radon concentration data in the workplace were compared, two by two, with
concentration obtained in the laboratory and with stockpile concentration data, to verify if
there was a statistical correlation.

Laboratory work and sample preparation aimed to control two parameters, humidity
levels and granulometry. These procedures allow statistical comparison between samples.

Finally, the values were compared with reference values, tolerance limits, and action
levels. Figure 2 presents the methodology in summary form.

#Visit to mining companies;

Fie | d eMeasurement of radon concentration in the work
environment;
ACt|V|t|es eMeasurement of radon concentration in crusher dust piles;

eRetrieval of equipment after measurements.

|_a bo rato ry *Preparation of samples;
Q. ang eMeasurement of radon concentration in samples
Activities though laboratory method.

Data eCorrelation between the data obtained;
eComparison of data obtained with reference values.

Evaluation

Figure 2. Summary of the methodology. Source: Personal data.
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The RadonMapper, manufactured by the company TECNAVIA, Barbengo-Lugano,
Switzerland, is an equipment that operates with a scintillation cell and was used to evaluate
the radon concentration in the working environment, in crusher dust stockpiles, and in
the laboratory tests. The measurements were performed in passive mode, i.e., without
pumping air, and in parallel, in active mode, with an air pumper. These measurements
were divided into samples of 1 min and was performed for 1 h. Therefore, 60 samples may
result in fair, representative value for radon concentration in the mining workplace.

The instrument used in connection with the active measuring circuit was the mass flow
meter Red-y Compact, manufactured by the company Vogtlin, Muttenz, Switzerland. In all
measurements, it was set to operate at a flowrate of 0.250 L per minute, due to equipment
specifications. A comparative scheme between the positioning of the equipment in passive
and active mode is shown in Figure 3.

RadonMapper Detection | | cro +
s | § M |
O \\ 1
OOO[: \\ Intake tube
Solids filter
7 Outlet tube

: : Passive air flow
1 - ) o=

Xl m—
G Y o W

Figure 3. Measuring schemes; above: active, below: passive. Source: Personal data.

For the evaluation of the radon concentration in stockpiles, a hollow metal rod was
used to collect internal air and it was inserted at a depth of 45 cm. The rod was attached to
the active circuit at the end of the air inlet tube and was inserted into the stockpile seeking
the opposite side to the wind direction for standardization. Figure 4 shows the positioning
scheme and example images.

The laboratory measurements were performed in open circuit, using a cylinder to
accommodate the samples. Then, the amount of radon in the surrounding air was recorded
by other equipment and was subtracted from the results so as not to interfere with the
values obtained. The measurement was also performed for 1 h, resulting in 60 samples.
Each sample was weighed, and 1 kg of mass was accommodated in a cylinder with a
volume of 0.0051 m>. The accumulation time inside the cylinder was 24 h per sample.
At each change in material, the cylinder was washed and dried so that there was no
interference between samples. Figure 5 presents the scheme of the measurements carried
out in the laboratory.

Data collection was carried out in mining companies located in metropolitan areas
of the state of Sao Paulo, as well as the shoreline areas. Five quarries were visited for
data collection in this study. In all locations, the extracted material was granite. All
measurements were taken in the year 2018, and measured workplaces were below either
primary or secondary crusher sets, depending on mineral dust generation.

Although the mining companies were geographically close to each other, differences
related to site-specific conditions were not considered, which could lead to sampling
deviations in the data collected from environments.
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Wind direction
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Figure 4. Rod position in the stockpile. Source: Personal data.
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Figure 5. Laboratory measurement scheme. Source: Personal data.

The statistical analysis was performed comparing the descriptive (statistical) parame-
ters. Then, they were grouped by location to verify the possibility of a correlation between
data. Subsequently, the Pearson and Spearman coefficients were calculated for group type
analysis, to specify the indication of linear (Pearson) or non-linear (Spearman) correlation

between the data.

If the results for both field and laboratory measurements are statistically comparable
with a certain degree of reliability, then there may be a possibility that in the future, only
laboratory measurements will be sufficient to estimate the concentration of radon in the
environment, because it is easier to perform these measurements in the laboratory.
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3. Results

Tables 3 and 4 present, by groups, the resulting average for the performed mea-
surements and the confidence interval corresponding to each result, respectively. Radon
concentration data were subtracted from the radon present in laboratory air (22 Bq/m?
average). For the workplace measurements in quarries D and E, where only the passive
and active equipment were available, respectively, the data were duplicated so that it was
possible to perform the correlation analysis.

Table 3. Compilation of the means of analysis.

Quarry Workplace Active Workplace Passive Laboratory Tests Stockpile Concentration
A 47 Bq/m? 38 Bq/m? 7737 Bq/m3 29,450 Bq/m?
B 26 Bq/m3 9 Bq/m3 620 Bq/m?> 2151 Bq/m?
C 19 Bq/m3 19 Bq/m3 543 Bq/m3 6183 Bq/m?
D 47 Bq/m? 47 Bq/m? 3802 Bq/m? 19,245 Bq/m?
E 28 Bq/m? 28 Bq/m? 1383 Bq/m? 5252 Bq/m?
Source: Personal data.
Table 4. Confidence interval of the means obtained—values presented in Bq/m?3.
Quarry Workplace Active Workplace Passive Laboratory Tests Stockpile Concentration
A 40.67-53.33 32.71-43.29 7639.4-7834.6 29,273.52-29,626.48
B 20.58-31.42 59-12.1 600.51-639.49 2102.72-2199.28
C 14.09-23.91 11.25-26.75 522.34-563.66 6096.89-6269.11
D 40.29-53.71 40.29-53.71 3744.42-3859.58 19,105.83-19,384.17
E 22.32-33.68 22.32-33.68 1348.92-1417.08 5199.71-5304.29

Source: Personal data.

The graphical representation shown in Figure 6 was obtained by taking the log of the
data to improve visualization.

29,450
/19’245
7737 /5183
502 5252
2151
1383
620
543
47
47 —
5 * 19
9
WP Active WP Passive Laboratory Pile

o= s/ Quary em meB Quary e= s»CQuary e= s»DQuary e= == Quary

Figure 6. Mean of measurements in Bq/ m3, graphical representation. Source: Personal data.

Observing the trend lines presented in each quarry, there is an indication that the
methodology performed was consistent for each applied location, since the data growth
followed the same sequence in all the measurements. While smaller values were found in
the workplaces, followed by laboratory test measurement, the larger ones were always in
the stockpile concentration data.
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To obtain a deeper analysis of the behavior of the data, the values were compared
using statistical correlation parameters.

In general, the expected behavior was observed in most of the evaluated data, since
the main influencing factor in performing radon concentration measurements is the amount
of intrinsic radon gas in each material, represented more directly by the stockpile concen-
tration test.

It can be observed that a higher intrinsic concentration of radon in the evaluated
material results in wider distribution of the data. This may contribute to improving the
precision of the method, since the statistical differences in the results can be observed more
sharply as the gas concentration increases.

Table 5 presents the results of the correlation analysis using the Pearson and Spear-
man coefficients.

Table 5. Pearson and Spearman correlation analysis.

Active Workplace Passive Workplace Laboratory Tests Stockpile Concentration

Pearson Active Workplace 1 0.860 0.874 0.892
Spearman P 1 0.872 0.975 0.667
Pearson Passive Workplace 0.860 1 0.710 0.795
Spearman P 0.872 1 0.800 0.800
Pearson Laboratory tests 0.874 0.710 1 0.977
Spearman y 0.975 0.800 1 0.700
Pearson . . 0.892 0.795 0.977 1
Spearman Stockpile Concentration 0.667 0.800 0.700 1

Source: Personal data.

The analysis of the Spearman coefficient, only for the comparison between stockpile
and workplace, resulted in moderate correlation (between 0.5 and 0.7). All other results
showed a strong correlation (between 0.7 and 0.8) or very strong (between 0.9 and 1).

The linear correlation, represented by the Pearson coefficient, was more evident in the
comparisons between the active workplace and the stockpile values, and in the comparison
between laboratory and stockpile sampling. Therefore, there is an indication that the
correlation between these data is close to a linear correlation.

The correlation between the other data was expressed more clearly by the Spearman
coefficient, indicating that the most applicable model presents a non-linear correlation.

As a result of this analysis, it can be observed that the intrinsic amount of radon gas
contained in the mined material will directly influence the exposure of the workers in the
workplaces. This fact is validated by the correlation results presented.

At first, regarding the questioning about the possibility of exposure to radon gas, all
the professionals who followed the measurements answered that they were not aware of
it. No previous evaluation had been carried out in any of the quarries visited. Only the
total radiation tests intrinsic to the mined material had been performed for quality and
acceptability purposes for the final product intended for consumers.

Therefore, in the evaluated environments, there was total ignorance regarding the
risk of this agent. This fact may be related to the lack of Brazilian legislation that regulates
exposures of workers to radon gas.

Regarding the average values of radon concentration observed in the work environ-
ment, considering that there were identified locations where there would be a greater
probability of exposure to mineral dust, all values were below the adopted US reference
value of 148 Bq/m3. Even considering the German concentration limit, which is more
restrictive (100 Bq/ m3), the average would not exceed this value.

On average, the results found in this study are close to the values measured by
Deiana et al. [23] and by Vimercati et al. [24] in their studies conducted in indoor hospital
environments in Italy, for environments that are complying with established international
standards. Also, it could be observed that the results obtained here are between 4 and
10 times lower than the values obtained by Vimercati et al. [25] in their study that correlates
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lung cancer rates by exposure to radon gas in residential environments susceptible to
seismic activities, also in Italy.

This is indicative that in outdoor workplaces, radon can be considered a low risk
to employees” health. The average exposure to radon gas, even in cases where exposure
to mineral dust is continuous, did not exceed unsafe values considered by international
standards during the measurements.

In almost all measurements performed in work environments, there were occasional
moments where the reference value was exceeded. Therefore, in enclosed environments,
where there is manipulation of mineral material with a high intrinsic concentration of
radon gas, as in underground mines, the risk can be considered significant and should not
be neglected.

Through the results observed during this study, it was verified that the applied method-
ology presents a correlation between the data, i.e., either laboratory or stockpile evaluation
can be used to estimate the risk of exposure to radon gas in a working environment.

Considering this fact, in a possible assessment of the risk of exposure to radon gas, the
measurements with less random variables (laboratory test or stockpile concentration) can
be used to define, in preliminary form, the work environment concentration, to guarantee
the safety of employees against this agent.

The methodology using the RadonMapper equipment from TECNAVIA, Barbengo-
Lugano, Switzerland, proved to be practical and relatively fast and is considerably easier in
the laboratory-controlled environment. Furthermore, there is no need for complex analyses
carried out by third-party laboratories.

The only costs involved in this method are related to the acquisition of the Radon Map-
per equipment and the solid filters used, which can saturate depending on the amount of
mineral dust collected during sampling. A single piece of equipment allows the replication
of the whole method, although resulting in a longer total time of analysis.

Although an indication of correlation between the laboratory and field data could
be identified in the study, the same may not happen in other environments, for example,
underground mines, or even in places with significant climatic differences.

4. Conclusions

A scintillation cell detector method was applied to evaluate radon gas exposure in
mining activities. Field and laboratory measurements obtained by this study showed an
indication of statistical correlation. Thus, there may be a possibility that, in the future,
this new evaluation method performed practically only in the laboratory may be widely
applied, complementing, or even replacing, field analysis methods. This would be possible
if a method of correcting the data could be established, using a rock type coefficient,
for example.

Also, the measured exposure concentrations were compared to reference values, and
according to the results, there is a low potential risk of exposure to radon gas in these
environments.

Since there is a lack of knowledge about this hazard and there may be workers
exposed to radon gas without knowledge, these point to the fact that it is urgent to develop
specific legislation concerning the evaluation of radon in Brazil. Also, mining environments
can vary in material (rock/ore) composition and depth, and as the years go by, radon
concentration and exposure may become an issue. Having a reliable, relatively quick,
and practical methodology can help avoid this, since in this way it may be possible to
considerably increase the number of evaluations carried out.

Moreover, public policies concerning the analysis and control of the risk of exposure
to radon gas can be effectively applied, since a valid evaluation methodology might
be available.

It is recommended for future studies that the methodology could be replicated in
other environments, such as in underground mines. Contributing to the creation of a
database and subsequent increase in the sampling may allow the improvement in the
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correlation indices presented by this method as well as allow the comparison between this
methodology with other ones.
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